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The  objective  of  this  work  was  to  identify  and  develop  directionally  solidified 
ceramic  matrix-metal  eutectic  composites  for  use  uncoated  at  temperatures 
'tl315'’C  (2b00®F)  in  aircraft  gas  turbines.  The  primary  approach  was  to  dis- 
cover metal-oxygen  systems  in  which  the  metal  whisker  phase  woixld  form  a self- 
protective  oxide  coating  when  exposed  to  elevated  temperatures.  A number  of 
metal-oxygen  combinations  were  examined  including  Ta,  Ta  + Ta20g,  Ti  or  Nb  with 
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I . INTRODUCTIO!; 

This  report  describes  the  results  for  the  second  year  of  a research  study 
directed  toward  the  development  of  directionally  solidified  oxide  matrix-metal 
eutectic  materials  for  use  in  aircraft  ^as  turbines.  This  work  was  supported 
by  Naval  Air  Development  Center  contract  N62269-75-C-0120 , with  Mr.  I.  Machlin 
of  the  "aval  Air  Systems  Command  as  technical  consultant  and  the  Naval  Air 
Development  Center,  Warminster,  PA,  as  the  contracting  agency. 

There  are  a number  of  circumstnnces  which  could  produce  improvements  in 
the  mechanical  properties  of  ceramic-metal  materials  with  a directional  eutectic 
micrcstructure  over  that  available  from  hot-pressed  ceramics.  An  immediate 
possibility  is  that  at  high  temperatures  the  minor  metal  phase  will  have  the 
high  strength  characteristic  of  a material  in  whisker  form  and  that  this  phase 
will  directionally  reinforce  the  somewhat  ductile  ceramic  matrix  in  a typical 
composite  manner.  The  reality  of  this  possibility  has  been  demonstrated  in 
numerous  metallic  eutectic  systems.  Figure  1 shows  that  over  a wide  range  of 
temperatures,  similar  Fetch  type  equations  relate  strength  to  the  spacing  be- 
tween phases  in  a eutectic  (Ref.  l)  just  as  they  relate  the  strength  to  grain 
size  in  hot-pressed  ceramics. 

An  important  advantage  of  directionally  solidified  eutectics  for  high 
temperature  strength  applications  is  that  their  microstructure  is  extremely 
stable,  practically  to  the  melting  point  (Ref.  2).  This  stability  results  from 
the  fact  that  their  microstructures  are  produced  directly  from  the  molten  state 
under  conditions  of  thermodynamic  equilibrium.  If  grain  boundaries  are  pres- 
ent in  these  microstructures  they  are  relatively  few  in  number  and  generally 
parallel  to  the  axis  of  primary  reinforcement. 

The  strength  of  a eutectic  composite  at  lower  temperatures,  where  both 
phases  may  be  more  brittle,  may  be  enhanced  by  a suitable  selection  of  phases 
so  that  the  matrix  phase  is  placed  in  compression  upon  cooling  due  to  differ- 
ences in  thermal  expansion  between  the  phases.  A tensile  stress  applied  to  the 
bulk  composite  then  will  not  result  in  a tensile  stress  in  the  continuous  ceramic 
matrix  phase  until  the  compressive  prestress  is  overcome.  Tension  is  the  primary 
failure  mode  of  ceramic  materials.  The  effectiveness  of  prestressing  in  in- 
creasing the  strength  of  a ceramic  matrix  composite  has  been  demonstrated  (Ref. 

3)  and  surface  type  prestressing  is  of  considerable  commercial  importance  in 
the  glass  industry.  If,  in  addition  to  the  prestress  contribution,  the  matrix 
has  a lower  elastic  modulus  than  the  reinforcing  phase,  the  amount  of  stress 
seen  by  the  matrix  phase  during  tensile  loading  of  the  composite  will  be  even 
further  reduced.  A proportionately  larger  fraction  of  the  applied  stress  is 
carried  by  the  minor  phase  as  the  ratio  of  the  modulus  of  reinforcing  to  matrix 
phase  is  increased. 
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The  fracture  of  brittle  materials  is  usually  believed  to  involve  the  sudden 
griwtn  cf  Very  fine  flaws,  called  "Griffith  Microcracks",  which  are  always  pres- 
ent in  ttiese  materials.  The  importance  of  a flaw  depends  upon  its  size.  Frac- 
ture normally  involves  the  growth  of  the  "critical"  flaw  which  is  the  largest 
microcrack  with  the  appropriate  orientation  to  the  applied  load.  Because  the 
distribution  of  these  flaws  is  random,  the  actual  strengths  of  ceramics  show  a 
statistical  distribution  which  is  also  a function  of  volume  stressed.  Some  en- 
couraging efforts  have  been  made  to  limit  the  size  of  microcracks  by  the  pres- 
ence of  a fine  dispersion  of  second  phase  particles.  If  ceramic  eutectics  with 
a very  fine,  uniform  microstructure  can  be  produced,  improved  mechanical  prop- 
erties may  be  observed  because  the  size  of  these  microcracks  are  significantly 
limited. 

The  incorporation  of  a metal  whisker  phase  into  a ceramic  should  dramati- 
cally enhance  the  thermal  conductivity  and  hence  the  resistance  to  thermal  shock 
of  the  ceramic.  A number  of  investigators  (Refs,  have  noted  improvements 

in  thermal  shock  resistance  made  by  metal  wire  additions.  Satisfactory  resis- 
tance to  thermal  shock  is  a serious  requirement  for  an  aircraft  gas  turbine  part. 

The  impact  strengths  of  ceramics  are  generally  so  low  that  they  are  not 
usable  in  many  important  applications  for  which  they  might  otherwise  be  well 
suited.  The  main  mechanism  by  which  energ/’  is  absorbed  during  fracture  of 
brittle  materials  is  through  the  production  of  new  surfaces.  The  presence  of 
a finely  dispersed,  high  modulus  fibrous  or  lamellar  phase  may  function  to 
deviate  cracks  and  thus  increase  the  amount  of  fracture  surface  produced  during 
failure.  These  energies  can  be  increased  significantly  if  cracks  are  deflected 
so  as  to  follow  the  dispersed  phase-matrix  interface.  The  Hi3Al-IIi3Cb  inter- 
metallic  eutectic  is  an  example  where  cracks  are  blunted  and  deflected  along 
these  Interfaces  rather  than  propagating  in  the  usual  brittle  manner.  An 
example  of  this  delamination  process  is  shown  in  Fig.  2.  Although  this  ma- 
terial shows  practically  no  tensile  ductility  at  room  temperature,  it  has  a 
room  temperature  Charpy  impact  strength  of  about  1.T5  ft-lbs  for  half-sized, 
notched  samples. 

In  prior  work  sponsored  by  the  Office  of  Naval  Research  at  the  United  Tech- 
nologies Research  Center,  it  was  demonstrated  that  directionally  solidified 
oxide-oxide  ceramic  eutectics  could  exhibit  exceptional  strengths,  particiilarly 
at  elevated  temperatures.  Figure  3 shows  flexural  strength  data  for  the  AI2O3- 
Zr02  (Y2O3)  eutectic  at  1575°C  (2865°F)  compared  with  values  obtained  for  a good 
commercial  polycrystalline  AI2O3  material  at  the  same  temperature  (Ref.  6). 

The  fracture  toughness  of  this  eutectic,  as  evaluated  by  the  work-to- fracture 
technique,  also  showed  significant  increases  over  that  required  for  single 
phase  AI2O3. 
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Measurements  of  the  work  of  fracture  of  directionally  solidified  !'igO-CaO 
and  Zrt2“Ca0*Zr0i  eutectics,  both  of  which  contain  a relatively  ductile  oxide 
phase,  showed  drai.';atic  increases  in  their  resistance  to  fracture  at  elevated 
temperatures.  Data  for  the  Zr02-Ca0* Zr02  system  are  presented  in  Fig.  At 

elevated  temperatures  these  two  eutectics  apparently  behave  in  the  classic 
composite  manner  wherein  a ductile  matrix  phase  is  strengthened  by  a stronger 
reinforcement  phase  which  is  relatively  much  less  ductile. 

The  incorporation  of  a metal  phase  which  can  also  absorb  energy  by  plastic 
flow  can  result  in  significant  improvement  in  composite  impact  strength.  In 
earlier  studies  at  UTRC,  the  impact  strengths  of  ceramic  composites  containing 
tungsten  wires  were  examined.  Charpy  impact  strengths  of  ~2  ft-lbs  were  mea- 
sured for  half-sized  unnotched  samples  of  mullite-tungsten  wire  composites  - 

with  greater  than  l^t  volume  percent  tungsten.  In  more  recent  work  by  Brennan 
(Ref.  T)  at  UT'RC  sponsored  by  the  Ilaval  Air  Systems  Command,  the  Charpy  impact 

strength  of  hot-pressed  813^4  was  increased  from  0.5  to  I8.0  ft-lbs  by  the 

addition  of  23  volume  percent  tantalum  wires.  Hart  (Ref.  8)  has  reported  that 

the  Charpy  impact  strength  of  the  Cr203-Mo  eutectic  is  about  2.5  times  that  of 

fine  grained  AI2O3.  He  also  reported  a work-to-fracture  energy  for  this  eutec- 
tic of  ^0  X lO"*  ergs/cm^  (.029  ft-lb/cm^).  This  is  approximately  four  times 
that  of  the  Al203-Zr02  (12^3)  eutectic  shown  in  Fig.  3.  Taken  all  together,  the 
above  fracture  and  impact  data  suggest  that  there  is  a considerable  potential 
for  improved  toughness  in  ceramic  matrix-metal  eutectic  systems. 

Research  during  the  first  year  of  support  for  this  program  (Ref.  9)  I>y  the 
liaval  Air  Systems  Command  concentrated  on  a survey  of  various  binary  eutectic 
possibilities.  The  literature  provided  very  limited  information  concerning 
metal-oxide  phase  equilibria.  The  primary  intention  was  to  identify  metal- 
oxygen  systems  in  which  the  metal  whisker  phase  might  form  a self-protective 
oxide  coating  on  exposure  to  air  at  elevated  temperatures. 

After  some  preliminary  experiments  with  refractory  metal  strip  heaters,  the 
arrangement  shown  in  Fig.  5 using  a carbon  susceptor  for  heating  in  an  R.F.  | 

field  was  developed  to  make  experimental  melts  for  microstructural  examination.  ] 

During  these  melting  experiments,  an  optical  pyrometer  was  also  used  to  sight  ^ 

directly  on  samples  held  in  simple  tungsten  wire  baskets  to  determine  the  tem- 
peratures of  incipient  and  complete  melting.  The  initial  powders  used  for 
these  samples  were  all  of  at  least  99.9^  purity  and  were  hand  mixed  and  iso- 
statically  cold  pressed  into  rods  at  about  15,000  lbs/in.2  using  evacuated  rubber 
containers.  Before  melting,  the  samples  were  prefired  in  argon  to  about  1300°C 
(2370°F).  Systems  of  interest  were  directionally  solidified  inside  tungsten  j 

tubes  prepared  by  chemical  vapor  deposition.  The  molten  zone  inside  these  tubes  | 

was  produced  by  an  external  carbon  ring  susceptor  in  an  R.F.  field  in  an  atmo-  j 

sphere  of  argon.  Additives  which  provided  additional  oxygen  to  the  melt  such 


j 
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as  Ce02,  Cr20  3 cir.ci  WO 3 were  often  necessary  to  increase  the  metal  solubility 
sufficiently  no  form  a continuous  eutectic  microstructure.  A number  oi;  po- 
tentially interesting  systems  which  responded  well  to  directional  solidification, 
Od20  3-CeU2-'ra,  Y203-Ce02-Ta  and  Y203-Ce02-Y,  could  not  survive  a 2U  hr  exposure 
to  air  at  i093'^0  (2000°F).  The  Cr-Al203,  Cr203  system,  however,  showed  la  sur- 
face attack  of  only  a few  rails  after  an  exposure  of  60  hrs  in  air  at  lh23°C 


■•lelting  t.-xperiinent3  were  nade  to  determine  the  eutectic  compositions  along 
the  pseudo-binary  trough  in  the  Cr-Al203-Cr203  ternary  system.  These  composi- 
tici'.s  were  of  special  interest  because  of  the  observation  made  during  the  first 
year's  effort  that  eutectics  in  this  system  had  good  resistance  to  oxidation. 

Prefired  sample  slugs  were  melted  inside  a carbon  susceptor  in  an  argon  atmo- 
sphere. T'le  samples  were  held  inside  hand-made  baskets  made  from  20  mil  diameter 
W + },%  Re  wire.  As  shown  in  P'ig.  5,  the  samples  could  be  continuously  observed 
and  their  temperatures  measured  with  an  optical  pyrometer  through  a quartz 
window  as  they  were  being  heated.  The  temperatures  of  initial  melting  were 
indicated  by  a rouiiding-of f of  some  sharp  feature  of  the  sample.  Upon  complete 
melting,  the  samples  normally  remained  within  the  baskets  because  of  surface 
iensicn  forces. 

.’ielting  temperature  data  obtained  for  a fixed  ratio  between  AI2C3  and 
Cr2'03  (0.7:0. 3)  for  various  additions  of  Cr  metal  is  presented  in  Fig.  6. 

Similar  data  were  obtained  for  other  Al203:Cr203  ratios.  Alumina  and  Cr203 
slicw  complete  solubility  in  all  proportions  with  each  other  (Ref.  10).  The 
Cr-Cr203  system  was  also  examined  and  the  literature  data  (Refs.  11,12)  con- 
firmed. '.ve  determined  the  eutectic  temperature  and  composition  for  the  Cr- 
Cr203  system  as  being  approximately  l68p”C  (3060°F)  and  2h  weight  percent  Cr 
compared  with  literature  values  of  l660°C  (3020°F)  and  21  weight  percent  Cr. 

Figure  7 shows  the  Cr-Cr20 3-AI2O3  ternary  phase  equilibri'om  diagram  in  argon 
using  a carbon  susceptor  heater  as  determined  by  our  measurements.  The  exis- 
tence of  a true  eutectic  between  Cr  and  AI2O3  was  not  completely  established. 

The  melting  temperature  measured  for  the  eutectic  at  2030°C  (3690°F)  is  close 
! to  that  for  pure  AI2O3  and  the  Cr  in  the  microstructure  was  widely  dispersed, 

with  the  largest  amounts • being  concentrated  at  grain  boundaries. 

In  prior  work  (Ref.  6)  it  was  shown  that  a eutectic  with  outstanding  high 
temperature  strength  existed  between  AI2O3  and  Zr02  stabilized  with  i’2’"^3» 

.‘•'elting  experiments  determined  that  the  eutectic  melting  temperature  for  this 
oxide  was  ~l870°C  (3^00°F).  Additions  of  Cr  to  this  eutectic  together  with 
a partial  replacement  of  some  of  the  AI2O3  with  Cr203  resulted  in  the  discovery 
of  a ternary  eutectic  at  approximately  the  following  weight  percentages:  2h 

Cr,  23.5  AI2O3,  23.5  Cr203,  25  Zr02  and  U Y2O3.  This  eutectic  melted  at 
approximately  l662°C  (3020°F)  and  consisted  of  whiskers  of  Cr  and  Zr02  sta- 
bilized in  the  cubic  structure  by  the  Y203» uniformly  dispersed  in  a matrix  of  j 

AI2O3  and  Cr203  in  solid  solution.  | 
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A - ^uinmury  -.jf  all  uT  tho  melting  experiments  is  presented  in  Table  I. 

A varit-ty  f r.elt  additions  were  made  to  the  basic  Gr-AlyO 3~Cr20 3 system, 

.nese  included  aiditions  sT  Ta  and  Ke,  and  replacement  of  the  Cr  by  Ta  or  by 
mixtures  cf  la  wlt.t  Tayly.  i<enlacenent  of  Cr  by  Ta  resulted  in  porosity  and 
evidence  cf  a:,  additional  oxide  phase.  In  other  melts  there  was  evidence  of 
reaction  with  the  tungste:;  wire  basket  and  good  metal  solubility.  ?:vidence  for 
good  colic: I ity  of  rnetnl  in  the  melt  was  assumed  when  the  metal  phase  was  uni- 
formly dispersed  on  a fine  scale  in  a polished  section.  At  the  other  extreme, 
in  a melt  wit:,  peer  solubility  the  metal  was  concentrated  in  a few  large  spheres 
cr  as  irrefpiilar  globs.  Additions  of  Ta  and  Cr  resulted  in  uneven  metal  solu- 
Eility  and  a rcvi-like  eutectic  was  seen.  In  other  melts,  porosity  was  an  evi- 
dent r.'roble.’:,  a;:  well  a.s  the  presence  of  an  additional  oxide  phase.  .Additions 
of  tr.e  Talry-'-’r  eutectic  tc  Al2C3-Cr203  solid  scluticns  also  resulted  in  iso- 
lated areas  of  good  eutectic  microstructures,  a metal -metal  eutectic  and  a 
s.narr^y  defined  additic:.al  grain  boundary  phase,  '-'.elts  with  additions  cf  ie 
t^;.  tic;  Cr  resulted  in  extremely  fine  metal  disjjersions  which  could  indicate 
eit.'.er  a eutectic  cr  a .:wlid  state  precipitation  j^rocess. 

.'•ielto  of  Ti  and  iJb  witii  and  Cr203  showed  porosity,  poor  metal  solu- 

bility and  contained  additional  oxide  phases.  Tnese  are  probably  subexide 
phases  wiiich  w.uld  not  be  strong  or  stable  in  an  air  environment  at  elevated 
temperatures . 


.’■'elts  cf  the  i'gO-;!gO • AI2 0^  and  Mg0‘Al2b3-Al2  03  eutectic  compositions  did 
not  siiow  evidence  of  reaction  with  V;  wires  whereas  reactions  were  evident  with 
Cr  additions.  In  both  cases  there  was  evidence  of  metal  solubility  but  regular 
eutectic  nicrostructures  were  not  seen. 

A mullite-zircon  eutectic  melt  had  a structure  filled  with  long  dendrites 
which  appeared  to  have  decomposed  to  form  extremely  regular  eutectic-like 
structures  at  right  angles  to  the  direction  of  solidification.  An  example  of 
this  microstructure  is  shown  in  Fig.  8.  The  areas  between  the  dendrites  appeared 
to  be  glass.  Chromium  metal  was  not  soluble  in  this  melt. 

Additions  of  Ta  and  Cr  to  the  Mg0*Al203  spinel  resulted  in  poor  metal 
solubility  except  for  the  ternary  eutectic  present  in  the  grain  boundaries. 

Attempts  to  melt  Fe  with  the  Fe0*Cr2C3-Cr203  eutectic  composition  resulted 
in  extensive  reaction  with  the  tungsten  basket.  The  problem  was  less  with  melts 
made  in  AI2O3  or  Al203*IlgO  crucibles.  Additions  of  both  Fe  and  Cr  to  FeO*Cr2U3- 
CrzOs  also  re.sulted  in  reaction  with  the  W baskets.  Reaction  was  less  of  a 
problem  when  or  AI2O3  crucibles  were  used.  A metal-oxide  eutectic  was  ob- 
served in  the  r-rain  boundaries  of  these  melts  together  with  good  metal  solu- 
bilities. Figure  9 shows  the  typical  microstructure  observed  in  a melt  of 
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!uid  Ke.Uj  combined  with  u mixture  of  Fe  and  Cr  showing  good  metal  solu- 
lility.  in  other  melts  inside  short  tubes  of  CVD  tungsten,  porosity  and  exten- 
sive metal  solubility  throughout  was  observed  as  well  as  reaction  with  -the  W. 

iielts  of  Cr  with  the  FeO* Cr203-Cr203  eutectic  composition  in  short  CVB 
tungsten  tubes  revealed  two  phase  metal  globs  and  areas  of  metal-oxide  eutectic. 
Tne  oxide  pliase  showed  a tendency  either  to  fine  scale  porosity  or  pittingj  dur- 
ing the  polishing  operation. 


2.2  Directional  Solidification  in  Refractory  Metal  Tubes 


I 


Directional  solidification  experiments  were  conducted  using  as  containers 
ccrmiercial  CVD  tungsten  tubes*,  It  in.  long  x 3/8  in.  I.D.  with  a 0.005  in.  thick 
vail,  Tiie  tubes  fitted  on  the  end  of  a refractory  metal  post  and  were  traversed 
by  tais  supitort  down  tlirough  a carbon  ring  susceptor  which  created  a zone  of 
molten  eutectic  within  the  tube.  A schematic  of  the  apparatus  is  shown  in  I^ig. 

10.  The  bottom  of  the  containment  tube  was  self-sealed  by  the  first  melt  which 
solidified  on  or  near  the  refractory  metal  support  post.  The  upper  end  of  the 
tube  was  loosely  sealed  with  a refractory  metal  cap.  The  use  of  a container  was 
considered  desirable  because  it  corresponds  more  closely,  than  does  a floating 
molten  zone  approach,  to  current  foundry  practice.  It  had  the  addition  advan- 
tage that  it  tended  +o  inliibit  the  loss  of  constituents  by  evaporation. 

It  became  apparent  that  longer  containment  tubes  would  be  desirable  to  make 
ingots  of  good  size.  Attempts  to  use  less  costly  tantalum  tubes  were  abandoned 
because  of  the'r  reactivity.  Longer  ingots  were  made  successfully  using  two 
1*  in.  long  tungsten  tubes  on  top  of  one  eir.other  held  in  position  by  several  | turns 
of  Mo  foil  fastened  with  tungsten  wire.  An  internal  capability  to  prepare  3/8  in. 
I.D.-  X T in.  long  tungsten  tubes  by  chemical  vapor  deposition  was  then  develjoped 
under  Corporate  sponsorship.  These  tubes  were  used  for  the  remainder  of  the 

* I 

program  after  some  preliminaiy  attempts  to  use  tantalum  tubes  coated  internally 
with  CVD  tuTigsten  were  unsuccessful. 

A major  problem  in  making  sound  ingots  was  the  elimination  of  the  gases 
evolved  during  melting.  These  gases  when  entrapped  would  result  in  the  forma- 
tion of  a number  of  short  ingot  sections  with  air  pockets  in  between  and/or 
bursting  of  the  tungsten  tubes.  The  use  of  a vibrator  of  variable  force  and 
frequency  at  the  bottom  of  the  refractory  metal  support  rod  was  of  some  help  but 
the  best  solution  was  to  apply  a weight  of  about  90  gms  at  the  top  of  the  ceramic- 
metal  charge  rod  and  to  use  smaller  feed  rods  (i.e.  l/l6  in.  diameter).  Small 
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bitiei  i:.  '-.iiC  upper  uectiona  of  the  tungsten  tubes  were  also  fcund  to  be 

nel.ful  1'-  r :n  relief  of  gar,  pressures. 

-•I  ge:;erai  s'u.u.'iary  of  all  of  the  directional  solidification  experiments  is 
crerer.'-/d  in  ianl-.-  II,  ilany  directionally  solidified  ingots  of  t>:e  Cr-Al203- 
C:'2-  3 eutectic  ry  r t em  were  prepared.  Most  ingots  liad  raany  small  sections  with 
relatively  in  ,,(i  structure  as  shown,  for  example,  in  Fig.  11.  Obtaining  a u-ni- 
f -r;:_y  j r:l crostructure  tsroughout  was  difficult.  At  speeds  greater  than 
atcut  1 cr.  ;.r  the  structure  became  cellular  and  it  became  especially  difficult 
tc  obtain  a u-niform  micnstructure . The  cells  tended  to  be  divided  into  three 
sect  ic.’.s  : firal  lei  to  the  direction  of  solidification  in  a similar  manner  as 
was  .^Lserveci  in  Al2O3-lr02  eutectic  system  (Ref.  6),  All  the  whiskers 

in  a section  tended  tc  grow  at  the  same  large  angle  to  the  direction  of  solidi- 
fi'cation.  The  s--.-cc,r.d  major  difficulty  with  thin  system  was  the  prfusonce  of 
fine  ; .rosity  especially  in  cell  bo’ondaries.  This  problem  was  probably  due  to 
tne  volatility  of  the  Cr  constituent.  The  ingots  appeared  to  be  pore-free  on 
tr.-f  m.acr  .ssc'ue  and  vero  t>asily  separated  from  ti;e  tungsten  containment  tubes. 
Alt:.:' ugh  we  were  not  to  prop;ire  m;aterial  with  uniform,  pcre-free  m.icro- 

structures,  ti.ree  'unnctciaed  Ihar;.;.'  iripact  sampler,  were  prepared  and  tested  at 
r-c;:.  temperat  ,.re . I'ne  average  ir.pact  strer'.gtt:  obtained  was  0.01  ft-lb. 


-irecttonal 


u:.  :tea  tngct 


j1'  tiie  t'nree  please  eutectic,  2U  w'o  Ci' , 


and  !.  Y, 


r.entione-d  earlier,  were  also  pre- 


rareu.  Inio  eutectic  nad  a micrcntructure  similar  to  those  observed  in  the 
origir.al  oxide-oxide  eutectic  (Ref.  6).  Vfiiskers  of  Zr02  stabilized  with 
,;r.g"  In  a matrix  of  AI0O3,  Cr2d3  scilid  solution  with  the  chrordum  metal  associated 
nrim.ariiy  with;  tl.e  zircor.ia  nhase. 


with  the 


catior: 
mi crop 
trace 


lane  front  sc:  1 i dlfication  was  only  observed  at  solidification  speeds  bellow 
m.  hr.  iigure  j2  sh  ws  a longitudinal  view  cf  the  microstructure  obtained 
olidi  ficat  ion  speed  :f  G.o  cm/hr.  The  Zr02  pl.ase  is  very  irregular  while 
tal  phase  show's  :.o  directionality.  The  Cr  phase  is  associated  primarily 
he  Zr02  c '-b  '^s)  ch.ase.  The  C-axis  of  ^ ne  AI2C3,  Cr2  03  solid  solution  acid 
11]  axis  of  the  stabilized  Zr02  are  parallel  to  the  direction  of  solidifi- 
. The  orientation  of  the  Cr  phase  has  not  been  determined.  Electron 
robe  experiments  confirmed  that  the  metal  phase  was  pure  Cr  with  only 
amounts  cf  tungsten  present.  Powder  X-ray  experiments  confirmed  that  all 
rcor.ia  present  had  the  cubic  crystal  structure. 


In  earlier  studies  of  oxide  eutectics  it  was  observed  that  the  ZrO^  whiskers 
preferred  to  /-row  at  a large  angle  to  the  liquid  solid  interface.  Very  perfect 
micrcstructurer.  were  obtained  when  the  eutectic  was  grown  from  a properly  oriented 
seel.  Figure  Id  .shows  :! n tran.sverne  section  the  perfect  whisker  microstructure 
tnat  can  be  obtained  with,  the  metal  whisker  reinforced  eutectic  wlien  the  AI2  03  , 
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Cr^Os  phase  is  forced  to  grow  parallel  to  the  [022h]  by  use  of  a sapphire  seed 
crystal.  In  this  picture  the  small  whiskers  are  Zr02  (12^3^  'the  larger  irreg- 
ular cross-section  whiskers  are  Cr  metal  and  the  matrix  is  AI2O3,  Cr20j  in  solid 
solution. 

The  results  of  experiments  conducted  to  measure  the  oxidation  resistance  of 
the  unseeded  "ternary"  eutectic  are  shown  in  Fig.  lU.  After  an  initial  oxidation 
of  the  exposed  metal  whiskers,  there  was  practically  no  change  in  the  weight  of 
this  material  in  static  air  at  lk2^°C  (2600°F). 

The  strengths  of  four  samples  of  the  unseeded  "ternary"  eutectic  grown  at 
1.2  cm/hr  were  measured  in  bending  at  15*<0°C  (2800°F)  in  argon.  The  average 
strengths  were  23, '*00  lbs/in.2.  The  samples  were  brittle  and  there  were  Jogs 
in  the  loading  record  suggesting  cracking  well  below  the  ultimate  strength. 

After  testing  the  samples  were  all  observed  to  contain  significant  longitudinal 
cracks.  Many  cracks  were  also  observed  in  the  sample  used  to  obtain  the  oxi- 
dation data  presented  in  Fig.  Ik.  Apparently  this  material  contains  appreciable 
internal  stresses  which  can  be  aggravated  by  heating. 

A small  series  of  solidification  experiments  were  also  run  in  which  Fe  was 
present  together  with  fe2  03  as  additions  to  the  Cr-Al2  03-Cr2  03  ternar;,^.  The 
results,  i.e.  reaction,  suggest  that  tungsten  crucibles  cannot  be  used  to  con- 
tain melts  witii  re  additions. 
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III.  iiUMMAKY  AND  C0IICLUL3I0NS 


The  pha.^se  e-iuilibria  diagram  for  the  Cr-Cr20  3-Al20  3 system  has  been  deter- 
mined for  melts  made  in  argon  inside  a carbon  susceptor. 


Many  motal-oxide  melts  were  made  primarily  in  tungsten  wire  baskets  in 
search  of  controllable,  regular  eutectic  raicrostructures . Many  systems  show- :d 
evidence  of  extensive  metal  solubility  in  the  melts  and  in  some  case  regular 
eutectic  structures  were  observed.  This  appeared  to  be  particularly  true  when 
the  matrix  was  a spinel  capable  of  a variable  valence. 

It  was  not  possible  to  directionally  solidify  the  Cr-Al20 3-Cr20 3 ternary 
eutectic  with  uniform  microstructures  free  of  fine  scale  porosity. 

A multicomponent  eutectic  of  stabilized  zirconia  and  chromium  whiskers  in 
an  AI2O3,  Cr2'o3  solid  solution  matrix  could  be  seeded  with  sapphire  to  grow  with 
very  perfect  microstructures.  However,  this  eutectic  tended  to  develcr  cracks 
when  heated  in  air  to  elevated  temperatures. 

The  m.ulti component  eutectic  showed  bend  strengths  of  23,)-00  lbs/ in.  ^ at 
(2800°F)  in  argon  and  a weight  gain  of  about  3%  after  52  iirs  in  air  at 
1425°C  (2600°T). 


IV. 


f'UTUHE  VOHK 


The  poasibility  of  forming  regular  oxide-metal  eutectics  containing  HiAl  as  | 

the  metal  phase  will  be  examined.  This  metal  compound  is  relatively  refractory  | 

(M.r.  1T35°C)  and  it  should  have  excellent  resistance  to  oxidation.  ? 

Tile  search  for  oxide  matrix  candidates  will  concentrate  on  the  various 
spinel  compounds.  These  have  cubic  crystal  structures  which  should  also  favor 
regular  eutectic  microstructures.  They  also  can  have  a variety  of  valence  states 
which  should  be  favorable  to  metal  solubility  in  the  melt. 

Because  of  recent  difficulties  with  container-melt  reaction,  directional  , 

solidification  runs  will  be  made  without  containers  using  the  floating  molten 
zone  technique.  ' 

The  effects  of  small  partial  pressures  of  oxygen  and  neutral  atmospheres 
or.  metal  solubility  in  the  melt  will  be  examined.  A Mo  ring  susceptor  with  Ta 
heat  shields  has  been  used  successfully  to  reach  l800°C  (32T0°F)  in  argon  but  it 
has  not  been  used  as  yet  for  melting  eutectics. 
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Table  I 


Melting  Runs  in  Tungsten  Baskets 
(Arf'on  Atmosphere,  Carbon  Susceptor) 


Run  ?• 

Material  (Wt  %) 

Remarks  ( °C ) 

W-Mp-75-3^t 

53  Cr20^ 
25  Al20^ 
22  Cr 

Two  samples  run,  both  melting  at  1754° 
corrected,  molten  l808°  corrected. 

W-Mp-75-35 

53.5  CrpO^ 
22.35  AI2O3 

2U.I5  Cr 

Completely  molten  at  1795°  corrected. 

W-Mp-75-36 

55.2  Cr203 
22.99  AI2O3 
21.35  Cr' 

Melting  1753°  corrected. 

W-Mp-75-37 

38.5  CroO, 

28.5  AI2O3 
23  Cr 

Melting  1732°  corrected,  molten  1795° 
corrected. 

W-Mp-75-33 

37.35  Cr203 
37.35  AI2O3 
25.3  Cr 

Melting  1743°  corrected,  molten  1795° 
corrected. 

W-Mp-75-39 

39.65  Cr203 

39.65  AI2O3 
20. 7 Cr 

Completely  molten  1795°C  corrected. 

W-Mp-75-Uo 

53.5  Cr203 
22.35  AI2O3 

24.5  Cr 

Molten  1764°C  corrected. 

W-Mp-75-^1 

39.65  Cr203 
39.65  AI2O3 
20.7  Cr 

Basket  came  loose,  run  lost,  repeated: 
melting  1737°  corrected,  molten  1769° 
corrected. 

W-Mp-75-42 

53.5  Cr203 
22.35  AI2O3 
24.15  Cr 

Melting  174o°  corrected,  molten  1758° 
corrected. 

W-Mp-75-43 

42  Crp03 
42  AI2O3 
16  Cr 

Melting  1753°  corrected,  molten  176>4° 
corrected. 

lli 
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Table  I (Cont’d) 


Run  It  Material  (Wt  %) 


W-Mp-75-^^ 


4l  Cr203 
4l  AI2O3 
18  Cr 


Remarks  ( °c ) 

Melted  1722°  corrected,  no  further  meltinr 
at  1748°  corrected. 


W-Mp-75“45 


37  Cr203 
37  AI2O3 
26  Cr 


Melting  at  1753°  corrected. 


W-Mp-75-46 


52.99  Cr203 

22.01  AI2O3 
25  Cr 


Melting  1753  corrected 


W-Mp-75-47 

52.28  cr203 

21.72  AI2O3 
26  Cr 

Melting  1764°  corrected,  molten  1774° 
corrected. 

W-Mp-75-43 

50,87  Cr203 

21.13  AI2O3 
28.0  Cr 

Melting  1753°  corrected,  molten  1790° 
corrected. 

W-Mp-75-4° 

37  Cr203 
37  AI2O3 
26  Cr 

Melting  1690°  obs,  1753°  corrected,  molten 
1710-20  obs,  1774°-85°  corrected. 

W-Mp-75-50 

52.99  Cro0-< 

22.01  AI2O3 
25.0  Cr 

Meltinr.  1753° 
corrected. 

corrected. 

molten  1785° 

W-Mp-75-51 

55«2  Cr203 
22.99  AI2O3 
21.85  Or 

Melting  1753°  corrected,  molten  1790° 
corrected,  repeated,  same  results. 

W-Mp-75-52 

42  Cr203 
42  AI2O3 
16  Cr 

Melting  1753° 

corrected. 

molten  1774°. 

W-Mp-75-53 

4l  Crp03 
4l  AI2O3 
18  Cr 

Melting  1743° 
corrected. 

corrected, 

molten  1764° 

W-Mp-75-54 

37  Cr203 
37  AI2O3 
26  Cr 

Melting  1743° 
corrected. 

corrected, 

molten  1774° 

15 


Table  I ( Cent ’ d ) 


Run  n 

Materieil  (Wt  %) 

Remarks  ( °C ) 

W-Mp-75-55 

53  Cr203 

22  AlpO^ 
25  Cr 

Melting  1753°  corrected,  molten  ~ 1669°  - 
17740  (not  completely  molten  when  removed). 

W-Mp-75-56 

76  CrpOp 
13.5  AI2O3 
10.0  Cr 

Melting  1922°  corrected,  completely  molten 
1935  - 1940°  corrected. 

W-Mp-75-57 

73  Cr203 
12.9  AI2O3 

lU.O  Cr 

Melting  1884°  corrected,  molten  1902° 
corrected. 

W-Mp-75-58 

71.4  Cr203 

12.6  AI2O3 

16.0  Cr 

Melting  1930°  corrected,  molten  1944° 
corrected. 

W-Mp-75-59 

93  AI2O3 
7 Cr 

No  melting  up  to  1955°  corrected. 

Furnace  problems,  run  stopped,  repeated, 
melting  2050° corrected,  molten  2075°  corrected 

W-Mp-75-6o 

90  AI2O3 
10  Cr 

Melting  2040° corrected, 
molten  2044° corrected. 

W-Mp-75-61 

87  AI2O3 

13  Cr 

Melting  2075° corrected,  molten 
2085°  corrected. 

W-Mp-75-62 

45  AI2O3 
5 Cr203 

42.5  ?-r02 

7.5  Y2O3 

Melted  1856°  corrected,  repeated. 
Melting  1870°  corrected,  molten  1890° 
corrected. 

W-Mp-75-63 

5.456  Cr203 
49.0  AI2O3 

38.66  Zr02 
6.84  Y2O3 

Melting  l860°  corrected,  molten  1870° 
corrected. 

W-Mp-75-64 

4.0  Cr203 

36.0  AI2O3 

51.0  Zr02 

9.0  Y2O3 

Melting  l880°  corrected,  molten  1930° 
corrected. 

W-Mp-75-65 

36.83  AI2O3 
4.09  Cr203 

28.96  ZrOp 

5.13  Y203‘ 
25.0  Cr 

Melting  l8o8°  corrected,  molten 
1830°  corrected. 
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Table  I (Cont'd) 


Riuv/ 

Material  (Wt  %) 

Remarks 

1!£) 

W-Mp-75-66 

39.28  AI0O3 
4.3C  Cr^O^ 
30.93  Zr02 
5.^7  ZpO-^ 

20  Or 

0 

Melting  l8l2  C corrected 
1875°  corrected 

, molten 

W-Mp-75-67 

U1.74  AI2O, 
4.64  CrpO^ 
32.86  ZrOp 
5.18  Y2O3 
1.5  Or 

Meltin,';  l8l2°  corrected, 
l848°  corrected.  Sample 
after  melting 

molten 

had  pink  color 

W-Mp-75-*'''-'8 

10  Ta 
76  AI2O3 

13.5  Cr203 

Melting  1935°  corrected, 
1950°  corrected 

molten 

W-Mp-75'69 

14  Ta 

73.1  AI2O3 
12.9  Cr203 

Melting  1925°  corrected, 
1940°  corrected 

molten 

W-Mp-75-70 

16  Ta 

73.1  AI2O3 

12.9  01-203 

Melting  1925°  corrected, 
1940°  corrected 

molten 

W-Mp-75-70 

16  Ta 

71.4  AI2O3 
12.6  Cr203 

Melting  1892°  corrected, 
molten  1930°  corrected 

W-Mp-75-71 

9.5  Ta 

2.5  Or 

76.5  AI2O3 

13.5  Cr203 

Melting  l88l°  corrected, 
molten  1930°  corrected 

W-Mp-75-72 

13.3  Ta 
3.5  Or 
73.1  AI2O3 
12.9  Cr203 

Melting  1890°  corrected, 
molten  1920°  corrected 

\J1  T5 


L’able  I (Ccnt'd) 


Riutf  Material  (Wt  ) 


W-Vp-  ■5-7: 


15.7  Ta 
U.O  Cr 
71. U AL,0^ 


2?.7e  Al^O; 
23.7’-'  Cr'iO^ 
3^.^  ZrOo 
6.1  "^O," 


Remarks  (°C) 

Heltinj'  1020-1'?30°  corrected,  molten  I'llt-O*^ 
corrected;  rapid  moltin:'  once  rtarted 


12.6  Cr203 

W-Mp-75-7^ 

5 Cr 

^"'5  AI2O3 

Melting 

2050° , 

molten 

2060° 

corrected 

w-Mp-  /’5  - 75 

3 Cr 
85  AloO-. 

C. 

Melting 

?oUo° , 

molten 

0 

2050 

corrected 

W-Mp-75-'’0 

11  Cr 
30  AI2O3 

Melting 

20h0°, 

molten 

2050° 

corrected 

■.,-Mp-75-7T 

15  Cr 
85  AI2O3 

Melting. 

2035°, 

molten 

2060° 

corrected 

w-y,p-75-75 

12  cr 

Melting 

1645°, 

molten 

1670° 

corrected 

Most  of  melt  lost  when  basket 
fused  to  insulation 


-75-7'' 

/2’/75' 


16  dr 

22. cb  A12C''; 
22.67  CrpO-^ 
32.?U’Zr02‘ 
5.0C 


x^_vp_75-8c  23 


20.73  AI2O3 
20.75  Cr203 

30.13  Zr02 
5.32  Y2O3 


Meltinr  I65O  , molten  1670°  corrected 


.’■felting  1670-1680°,  molten 
1730  corrected . 


W-Mp-75-Bl 


i?M  AI2O3 
I9M  CrpO, 

2B.15  Zr02'" 

L.97  Y2O'. 


Melting  1662°,  molten 
1690°  corrected 
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Table  1 (Cont’d) 


Rimff 

Material  (Wt  f) 

Hc-marks  ( °C ) 

W-Mp-75-B2 

Ta 

43  AI2O3 
43  CrpO^ 

Meltirii'  molten  1750°  corrected. 

Repeated  meltirij',  17l2  rr.olte-n,  not 

clear  that  meltiri;'  really  occ'rrred  (sir.terin 

W-Mp-75-Hl 

l4  Ta 
'^0  TapO^ 
23  AlpO., 
23  CrgO^ 

Melting  15&5  > molten  I625  corrected 

W-MP-75-8U 

l4  Ta 
4o  TapO^ 
23  AlpO^ 
23  Cr203 

Melting  1570  , molten  1580°  corre-cte<i 

W-Mp-75-35 

l4  Ta 
40  TapO^ 

46  CrpO^ 

Melting  1540°,  molten  1553^^  corrected 

W-Mp-75-36 

10  Cr 
90  CrpO^ 

Melting  1657° > molten  1772°,  corrected. 
Melted,  but  edges  still  sharp,  do  over. 

W-Mp-75-87 

15  Cr 
85  CrpOj 

Melting  1690°,  molten  1731°  corrected. 

W-Mp-75-88 

20  Cr 

80  Crp03 

Melting  1657°,  molten  1708°  corrected. 
Close  to  eutectic  but  oxide  rich. 

W-Mp-75-89 

25  Cr 
75  CrpO^ 

Melting  1670°,  molten  1700°,  corrected 

W-Mp-75-9t* 

30  Cr 
70  CrpOj 

Melting  1690-1700°,  molten  1710°-1720 
Much  eutectic,  metal  dendrites  and  a few 
oxide  dentrites.  Guess  eutectic  ~25  w/o  Cr. 

W-Mp-75-91 

AI2O3 

sintered  powder 

Melting  1785°,  1989°  - do  over  - don't  \ise 
this  data. 

W-Mp-75-9? 

5 Cr 
95  Cr203 

Completely  molten  2050°  corrected.  Some 
metal,  extremely  dispersed. 
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Table  1 (Cont'd) 


Material  (Wt  %) 

Remark  G ('^C; 

W-Mp-75-9' 

92  JrgOj 

Meltinp  2O20°C,  molten  2050° corrected . 
Some  eutectic  like  struct^ire,  metal 
better  dispersed  than  5 w/o  Cr. 

W-Mp-75-9^ 

10  Cr 

92  CrgO, 

Melting  1774°  molten  1845°.  Very  little 
eutectic,  oxide  grains  v;ith  rrietal  in 
boundari es . 

W-Xn-75-95 

100  AlgO-^ 

Sintered  powder 

179fO°  sintoriri;:,  molten  2062°,  corrected 

W-Mp-75-9'j 

5 in 

17.5  .AI2O-, 

47. 5 Cr20,' 

Melt  in;:  1987° > molten  199B°c,  corrected. 
Sample  fused  to  heater,  repeated 
melting  1970°,  molten  1998°,  corrected. 

V/-MP-75-97 

10  rn 
45  AL2O3 
45  CrgO^ 

Melting  1755°,  molten  l8o8°,  corrected. 
Repeated  17  57°  melting,  1785°  moltr-n 
Final  sample  very  porous . 

V/-”P“75“9'8 

15  in 

42.5  AI2O3 
42.5  Cr203 

Melting  1732°,  molten  1758°C  corrected. 

Final  sample  is  more  molten  than  -''7,  still 
.some  porosity  (roughness  in  lov.njr  .-:ections). 

W-Mp-75-99 

5 Ta 

47.5  AI2O3 
47.5  Cr203 

Melting  1753°,  molten  l8ll°  corrected. 
Melted  well  but  porous. 

W-Mp-75-190 

10  Ta 
45  AI2O3 
45  Cr20-5^ 

Melting  2063°,  molten  2073°  correc^  ed. 

Melted  fragments  below  basket  appear  as 
solid  globs  of  melt  with  no  porosity.  Repeal 
with  smaller  charge,  tighter  ba.sket. 

W-Mp-75-101 

15  Ta 

42.5  Cr203 

42.5  AI2O3 

Melting  178'5°,  molten  l8o8°,  porou,'-.,  do  over 
v;ith  smaller  sample. 

W-Mp-75-192 

5 Ti 

47.5  AI2O3 
47.5  Cr203 

Melting  1720°,  molten  1742°.  Nice  melting 
compared  with  -101  but  porous. 

r 


?.un  ^ 

Mat 

• erial  (Wt,  ?) 

kenarC;;  ( C 

■•5 

Al;iC  7 

.Mclten  lC90‘"C,  fused  to  heater,  oho',  dowr. , 

'•  5 

'Jr.-  J i 

repeated,  rr.eltir.(t  lokO''-',  riolter. 

1C 

quite  porous,  2 oxide  ptiases,  r.etal  not 
diffused,  rjoor  pGlis}rir.ft. 

' ^ — 1 1'" 

•^2 . 

i;  AI2O3 

Melting  lco5'^,  rr.olten  _700'',  porous,  poor 

^ C r ^ 3 

to  polish,  oiinilar  to  -Ho. 

15 

Ti 

W-i;:  -”;-105 

-5 

.Ti-L  V ->  7 

Cinterir.g  2010,  nolte:.  i'C2C''. 

1 

10 

C r 0 7 
Ta 

W-Mp-Ti-lGo 

^42. 

5 AI2O3 

Meltiru'  1785°,  ir.oiter.  iSlO'^.  L'oir.e  area  of 

12. 

5 Cr273 

interaction  with  vires,  second  oxide  at 

15 

Th 

grair.  boundaries  (ligiiter'  wit;,  eutectic 
in  it.  Good  metal  solution  - need  rtcre 
net  al . 

W-!-lp-T5-107 

' , n 

7-I2O7 

Melting  2010°,  molten  2062°. 

Cr203 

1C 

Ta 

75-103 

15. 

2 AI2O3 

Melting  1715°,  molten  1762°,  sariple  very 

'^5. 

2 Cr203 

porous,  poor  polish,  two  oxides  witr.  pri- 

15 

Ta 

mary  or  undissolved  primary. 

V-:'p-T5-109 

90 

Cr203 

.’lelting  2010°,  molten  2020°,  metal  dis- 

10 

Cr 

persed,  primarily  in  G.B. 

'rt-Mp-T5-llO 

88 

AI2O3 

Melting  2015°,  molten  2025°. 

12 

Cr 

w-;:p-75-iii 

85 

AI2C3 

Melting  2030°,  molten  202l°,  very  dense 

■]  7 

Cr 

(no  jjores),  definite  indications  of  eutec- 
tic, long  whiskers  especially  at  bciiniarie 
need  more  metal. 

W-Mp-75-112 

79 

Cr203 

Melting  1690°,  molten  1700°. 

21  Cr 


Table  I { Cent ' i ) 


P.un  f 


1-laterial  {'fit  %) 


'i 


76  Cr;>Tv 
17  Cr 


5 CrpC7 
3t  Cr 


-il7 


-7  ,\l203 
76  Crp03 
IT  lib 


bi  AI0O3 
7l  Cr2C3 
18  ;;b 


v-:.;p-75_:.l8 


■■6.7  AI2O3 

77.5  Cr20-:? 
11  Cr 


-;ir-75-119 


77  AI2O3 
Cr203 
12  Cr 


i-.erriarks  '"^C; 


I-'.eltinf'  , inol^.t-r.  1701'^. 

•■9.‘iting  1677*^,  r.clben  16^7',  geed  eutectic 
structures,  best  ''2.7  w/o.  Perosity  but 
not  excessive. 

y.eltir.g  I72C',  riclten  1732^^,  dark  (trans- 
parent) primary  grains,  boundaries  cxide- 
cxide  (sub)  eutectic  and  ir.etal-oxide  ^ sub ; 
eutectic. 

.’iclten  1710°,  some  melt  dropped  i'rcr  casket, 
striictures  like  -115. 


Melting  1720°,  molten  1T71°,  3 phases,  no 
sign  of  eutectics. 


Melting  1732°,  molten  1753°. 


Melting  l69Q°,  molten  1725°. 


.-.p— 75~lC''.J 


73.5  /2L2O3 
73.5  Cr203 

13  Cr 


Melting  1700°,  molten  1732°,  metal  poor, 
good  eutectic  structure  but  with  porosity. 
Structures  better  thari  -llP  & -119.  Evi- 
dence of  reaction  with  W. 


v;-Mp-75-i2i 


77.8  AI2O3 

13.2  Cr2C3 
12  Cr 


v;-;.!p-75-i22 


Melting  1832°,  molten  I695'. 


Melting  1825°.  molten  l880° 


73.95  AI2O3 
13.05  Cr203 
13  Cr 


Table  I ( Cont ' d ) 


Material  (V<'t  %) 

Remarks  (‘^C) 

- 

■*^.5  AlpO^ 
21.5  Cr2Q3 
11  Cr 

Melting  1737"^,  molten  1762°. 

lU  AI2O3 
U Cr203 
12  Cr 

Melting  1732°,  molten  1762°. 

W-;-:r-7^-125 

4U  AI2O3 

22  Cr203 
12  Cr 

Melting  1725°,  molten  1753°. 

W-Mp-T5-126 

23.5  A120t 
23.5  Cr203 

13  Cr 

Melting  .1705°,  molten  1732°. 

V;-Mp-7?-12T 

80  Cr203 
20  Cr 

Partly  melted  2030°. 

W-;7p-75-128 

75  AI2O3 
25  Cr 

Melting  2010°,  molten  2030°,  fine  disper- 
sion of  metal,  no  regular  structure.  Metal 
associated  mostly  with  G.3. , oxide  diffi- 
cult to  polish  without  pits  depending  upon 
orientation. 

W-Mp-7 5-129 

55  AI223 
15  I'.fiO 

Molten  2010°,  very  close  to  eutectic,  no 
evidence  of  reaction  with  V.’  { : ’.gC— spinel ) . 

W-Mp_75-130 

26.75  AI2O3 
38.25  MgO 
15  Cr 

Melting  2000°,  molten  2020°,  (;ig0-spinel 
eutectic).  Cr  metal  dispersed  but  not 
regular,  long  Cr  whiskers,  significant 
attack  on  W by  m.clt. 

W-Mp_75-l31 

97.3  AI2O3 
2.7  MgO 

Molten  2010°,  difficult  tc  sec,  apparently 
off  eutectic,  lets  cf  dendrites. 

W-Mp-75-132 

82.7  AI2O3 

2.3  MgO 
15  Cr 

Melting  1965°,  molten  1975°,  metal  dispersed 
but  no  regular  structure.  Can't  see  AI2O3- 
spinel  eutectic,  many  pits  during  polishing. 

J 
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Table  I (Cont'd) 


f 


S 


Run  ff  Material  ( V/t  ^ ) 


w-Mp-T5-133 


38.3  AI2O3 

31.7  2r0o 
30  SiOo 


31.55  AlpJ3 
26.95  ZrJ2 
25.5  SiOg" 
15  Cr 

'/.'-.'•■.r-75-1 35  38  AI2O3 


c Cr 


W-Mp-T5-13c 


lb  Cr 


Remarks;  ( ) 


Meltir.e'  l'^10‘'',  rnclten  inul lite-zircon 

composition.  Structure  filled  with  den- 
drites whi'-h  have  "decomposed"  to  eutectic- 
like structures,  a: parent  plass  between 
dendrites. 

.'iul  1 ite-;' i rcon-Cr , metal  not  very  soluble, 
not  disr>ersed,  wiiere  it  appeal's  there  are 
dendrites  of  an  udditional  darker  piiase 
(SiOy  Cr^  ij?  ) 

Melting  i680° , molten  1715°,  suggestion  cf 
2nd  oxide  phase.  Rod-like  eutectic,  metal 
incompletely  dissolved.  Cecond  oxide  may 
be  same  1 base  of  different  orientation  w'r.ich 
polishes  differently. 

Melting  1930°,  molten  1955°,  degenerate 
e'atec‘:ic  [I).  Additional  piiasc-  or  "chip- 
outs"  diiring  polishing. 


M-Mp-75-137 


76  Aly03 
16  Cr 
8 Ta 


Mielting  1930°,  molten  1955°,  excess  .metal, 
some  rod-like  eut.ectic,  peer  pelisli. 


W-Mp-75-138 


27.5  AI2O3 

27.5  Cr203 
15  Ta 

30  Cr 


Melting  1690°,  molten  1710°,  excess  metal, 
not  well  dispersed.  Gome  rod-like  eutectic, 
2 oxide  phases,  metal  globs  2 phase. 


W-Mp-75-139 


38.5  AI2O3 

38.5  MgO 
20.1  Cr 
9.9  Ta 


Melting  1950°,  molten  1975°,  rcd-like  eutec- 
tic (metal  whiskers)  in  between  acicular 
crystals,  metal  not  well  dispersed.  Metal 
globs  2-phase.  System  looks  worthy  of 
further  effort. 


38  AI2O3  Melting  1690°,  molten  1715°. 

38  Cr203 

18  Tc'i 
b Cr 


A 


W-Mp-75-l'‘0 


Table  I (Cont'd) 


Kun  tf 

I’laterial  (Vft  %) 

Remarks  (°C) 

W-Mp-75-liil 

27.5  AI2O3 
27.5  Cro03 
33.75  Ta 
11.25  Cr 

Melting  1580°,  molten  l6l5°,  porous,  poor 
metal  solubility. 

W-Mp-75-1^2 

38.5  AI2O3 

31.5  t-lgO 
9.9  Ta 
20.1  Cr 

Very  dense,  transparent,  primary  phase 
(dark)  in  excess,  metal  solubility  poor 
except  for  good  ternary  eutectic  in  grain 
boundaries.  System  worthy  of  further 
investigation. 

W-Mp-76-7 

81  Cr203 

l!t.l  Fe303 
'^.9  Fe 

Attempt  to  make  FeO* Cr203~Cr203  eutectic, 
at  l800°C  reaction  with  V basket. 

W-Mp-76-8 

2u  AI3'.  3 
5^  CrjOj 

15  Cr 
■■  Ta 

Attempt  Cr203-Al2C3  S.S.  with  TaCr2-Cr 
eutectic.  Melted  1638°,  globs  of  metal, 
semi-dendritic;  grains  contain  some  good 
eutectic,  ethers  clear,  a sharply  defined 
grain  bouiidary  phase  appears  to  be  un- 
scratched. In  some  area  this  phase  is 
dispersed,  may  cause  poor  polish.  Is 
Tape 5 tiresent? 

W-Mp-76-9 

21.5  A1^-3 
•‘8.5  Cr303 

20  Cr 
10  Ta 

Melted  lt50°,  globs  cf  semi-dendritic  meta! 
cannot  see  metal-metal  eutectic.  Crair. 
boundary  phase  as  in  -0. 

W-Mp-76-lO 

81  Cr203 

lU.l  Fe203 
h.9  Fe 

Repeat  of  -7,  material  fell  through  W bas- 
ket above  l800°C,  did  not  melt. 

W-Mp-Tfa-ll 

62. U Cr203 

10.8  Fe203 

3.8  Fe 
23  Cr 

Material  reacted  with  V.’  basket  at  1T50°C. 

W-Mp-76-12 

62. U Cr203 

10.8  Fg203 

3.8  Fe 
23  Cr 

Melted  in  MgO  crucible  at  1960°,  "Eutectic 
metal-ceramic  in  gruir;  boundaries. 
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Table  I (Cont'd) 


Material  (Wt  %] 


Remarks  (°C) 


W-Mp-76-13 


62.1.  Cr;.03 

10.8  KeoO-j 

11.8  I'e 

15.0  Cr 

62.1  Cr203 

10.8  Fe203 

3.8  Fe 
15.5  Cr 
T-5  Ta 


Melted  l800“C  in  alumina  crucible,  not  much 
reaction  although  crucible  leaked,  micro- 
structure similar  to  -12. 


Reacted  with  alumina  crucible  (boiling? 
at  -v1T60°C. 


W-Vn-'i’-.-i:; 


20.6  AI2O3 
1*2.6 

3.8  Fe 

10.8  Fe203 

23  Cr 

20.6  AI2O3 

62.6  Cr203 

10.8  Fep03 

15.0  Cr 

11.8  Fe 


Good  melt,  some  reaction  with  ZrOo  crucible, 
many  interesting  structures.  Melted  173C°, 
oxide-oxide  eutectic  looks  like  Y203-Zr02 
solid  state  reaction,  considerable  metal 
solubility. 

Melted  l800° , reaction  and  some  melt 
through  of  crucible. 


30.8  Cr203 
1*6.2  Fe2C3 
23.0  Cr 


Did  not  melt  completely  at  lPl*0°,  slight 
reaction  with  spinel  crucible. 


W-Mp-76-18 


W-Mp-76-19 


15.6  Cro03 

61.6  Fe2C)3 
23  Cr 

21.5  AI2O3 

68.5  Cr203 
20  Cr 


Melted  through  bottom  of  alumina  crucible 

at  1800°. 


Melted  through  bottom  of  alumina  crucible 
at  1680°. 


21.5  AI2O3 

68.5  Cr^O^ 

10  Cr 
20  Fe 


Melted  through  bottom  of  2,r0-^  crucible  at 

1750°. 
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Table  I (Cont'd) 


i 


Run  ^ 

Material  (Wt  %) 

Remarks  {^C) 

W-Mp-76-21 

21.5  A1203 

^9  Fe203 
6 Cr 
2U  Fe 

Melted  through  bottom  of  ZrOp  crucible  at 

1720°. 

W-Mp-76-22 

62. h Cr203 

10.6  FepO^ 
3.8  Fe 

15.5  Cr 

7.5  Ta 

FeO* Cr203~Cr203  eutectic  + Cr-Cr2Ta  eutec- 
tic, partial  melt  in  1 3/8"  bond  CVD  tungsten 
tube;  metal  globs,  fine  dispersion  of  metal 
in  eutectic  only  near  end.  I-luch  evidence  of 
sharp-sided  grain  boundary  phase,  may  disperse 
to  form  "microporosity"  on  polishing. 

W-Mp-76-23 

62. Cr203 

10.8  1-6203 

11.8  Fe 
15.0  Cr 

Repeat  of  -13  with  tungsten;  melted  at  l880°, 
good  metal  solubility  but  metal  rich.  Some 
reaction  with  V/.  Matrix  rough,  perhaps  due 
to  spinel  formation.  lietal  globs  2-phase. 

W-!’'p-7b-2t 

81  Cr203 
i+l.l  F6203 
1.9  Fe 

Repeat  of  -10  in  W,  melted  well  at'^l810°, 
some  reaction  with  W.  Two  phase  metal  globs 
+ pores.  Grey,  sharp  edged  phase  again  at 
boundaries,  primary  grains  filled  with  chips 
or  pits.  Conclude  Pe  not  all  converted  to 
Fe0*Fe203, 

A-Mp-70-25 

12.1  CrpO-:, 

20.0  AI2O3 

10.8  repO^ 

11.8  Fe 

15.0  Cr 

Repeat  of  -16  in  K,  good  melt  at  1890°,  som.e 
liquid  lost  through  crucible.  Considerable 
porosity,  metal  globs,  considerable  metal 
solubility  on  a fine  scale,  some  large  grains 
of  completely  dense  oxide. 

W_Mp-7b-26 

30.8  Cr203 

16.2  F6203 
23.0  Cr 

Repeat  of  -17  in  V/,  Feo03,  Cr203  + Cr,  melt- 
ing at '^2000°,  2-phase  metal  S.G.  globs,  some 
metal  dispersed  well,  good  eutectic  in  one  well 
melted  area.  Oxide  tends  to  fine  scale  pits 
or  pcrosity. 

W-Mp-76-27 

15.1  Cr203 
61.6  Fe203 
23  Cr 

Repeat  of  -I8  in  tungsten,  melted  at '-^1890°, 
some  melt  lost  through  W.  Microstructure 
similar  to  -2u  but  more  porous.  Evident  W 

solubility,  second  phase  in  metal  ;-i;lobs 
apparently  W. 
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Table  I (Cont'd) 


Run  # 

Material  (Wt  %) 

Remarks  ( ° C ) 

W-Mp-76-28 

21.5  AI2O3 
U8.5  Cr203 
20  Cr 
10  Fe 

Repeat  of  -19  in  tungsten,  melted  - 1790° , 
very  find  metal  dispersions. 

W-Mp-76-29 

21.5  AI2O3 
U8.5  Cr203 

10  Cr 
20  Fe 

Repeat  of  -20  in  tungsten,  melted l860° , 
more  dense  than  -28,  very  fine  eutectic, 
whiskers  not  crystallographic,  excess  metal, 
some  primary  oxide  (AI2O3?),  slight  reaction 
with  crucible. 

W-l-Ip-To-SO 

21  Cr203 

U9  F6203 
6 Cr 
21*  Fe 

Repeat  of  -21  in  W,  melted  ''l6o5°.  Good 
disperse  metal-metal  oxide  throughout. 
2-phase  metal  reaction  layer  at  W wall, 
internal  globs  appear  to  be  single  phase. 

28 


Table 


p« 

• 

a> 

«Q 

o 

04 

03 

• 

O 

0 

03 

'll 

3 

o 

o 

*-) 

o 

CO 

o 

• 

rH 

u 

<U 

«« 

o • 

> 

P 

0) 

p 

O 

o 

Cd 

p 

un 

Xi 

• 

;3 

p 

ON 

ca 

CO 

p 

rH 

fH 

O 

TJ 

<u 

p 

c 

B 

C 

o 

cd 

o 

0) 

S 

cd 

> 

p 

'C 

o 

03 

'O 

03 

*e~t 

hD 

c 

<d 

> 

c 

Sh 

0) 

3 

3^ 

*r^ 

a 

p 

rH 

0) 

♦n 

HH 

0^ 

} 

• 

^ O 

bO 

•rH 

t3 

o 

a 

5 a 

o > 

o 

o 

01  03 

o 

cd 

p 

cd 

o 

p 

p 

rH 

p 

CO 

p 

CO 

Ih  C 

cd 

hO 

On 

o 

flj  0 rH 

P 

a>  p 

rH 

p 

n 

a iH  p 

P 

P 

•rH 

U cd 

♦rH 

•rH 

;S  bO 

to 

P 

f4 

K r 

> 

3 

P c 

CO 

cd 

O 

t ’ 

p-  <U 

' o 

cd 

C 

'C 

T5 

to 

iH 

U) 

t: 

P 

U 

•n  ‘H 

«1> 

c 

0> 

p 

> 

(•4  01 

(0 

o 

rH  Z 

o 

z 

fO 

OJ  c 

O 

rH 

P CM 

o 

t3 

CO 

^L: 

T3  O 
C O 

.. 

♦rH 

O rH 

bO 

1 — 1 

§ 

•rH 

c 

00 

0 

g 

c-^ 

^ r 

3 

V4 

C^ 

^4  ro 
o 

p 

•H 

+5 

<L)  CO 

l 

p 

rH 

P 

• rH 

5 

0] 

rm  r\ 

w 

H 

P 

(U  o 

P P 

(h 

o o 

>n 

•rH  to 

+J  O 

> c 

w O 

0)  *H 

>5  cm 

r-i  rH 

^ *N 

0 

T3 

O, 

C 

o 

r«n 

'O 

T3 

bO 

OJ 

P 

01 

P 

D 

a. 

Q> 

. 0) 
0)  C]0  ^ 
(Q  C ^ 
u o 

0>  iH  0) 

5=  I 

■P  r-t 

(O  tjD 
0^0 

00  o 

m 0)  fH 
H 

H P = 
•H  ^ 

§ 0 'to 
O 

T3  O iH 


t-' 

bO 

cd 

P 

o 

Ph 

p 

c 

p 

o 

rH 

g 

r 

d> 

P4 

•H 

CU 

2P 

p 

0) 

^H 

01 

'P 

.c 

c 

» 

0 

H 

P 

c 

o 

a 

P 

T3 

O 

•H 

r. 

rH 

p 

cd 

•H 

q; 

'O 

a; 

c 

P 

O 

•rH 

- 

P 

O 

P 

c 

•H 

iH 

P 

0; 

o 

P 

<D 

cd 

Q> 

o 

P 

p 

a 

’rj 

o 

ro 

(M 

•iH 

X 

p 

0) 

O 

u 

• 

rH 

Cm 

Pt3 

O 

K 

%i 

p 

ro 

CO 

0 

on  (^'1 

o o 

c\j  CM  ro 

rd  ^ 2 

<d  o s 

C-  v£)  cr 

IP\  _d-  On 

rn  CTs  VD 
m j-  H 


on  on 

o o 
c\j  CM  rp 

d ^ 2 
< u :* 

vD  t- 

un  J-  on 

on  cm  vo 
on  j-  i-t 


on  on 

o o 

CM  CM  (p 

d ^ 2 

<■;  o 

no  r- 

im  -M-  on 

on  cm  c£i 

m -J  iH 


on  on 

O o 

CM  tM  on 

3 5 i 

t--  VO 
Lf\  -d"  CJN 

on  o VO 
on  j-  r-< 


mon 

o o 

OJOJ 

Jh  rH 

O <1  O 

lA  i/n  O 

J-  ^ fH 
LTV  CM  CM 


CM 

CO 

rH 

1 

rH 

1 

1 

un 

un 

c-~ 

1 

i 

(X 

CO 

Q 

B 

1 

1 

s 

un 

vO 

rH 

H 

rH 

1 

un 

un 

un 

^- 

c- 

1 

1 

CO 

CO 

CO 

Q 

a 

Q 

1 

:k 

Table  II  (Cont'd) 


0 

0 

I— 1 

r 

0 

x» 

d 

fX) 

•H 

0 

0 

VD 

0 

0 

d 

rH 

d 

< — < 

P 

0 

- 

p 

Cd 

OJ 

d 

<p 

OJ 

P 

0 

rH 

B 

0 

d 

P 

c 

t— C 

Cd 

0 

•w 

P 

<P 

p 

0 

cd 

•w 

0 

ti) 

> 

0) 

d 

'O 

09 

M 

0 

<P 

0 

0 

(h 

U3 

(U 

• 

p,  p,  (U 
fH  P<  r-1  (d 

OJ  D ^ 


■p 


0) 
o a 

(h 


•H  P 

0 

a 

CO 

to  1 

> 

0 

m\ 

a 

0 

CO 

p 

c a 

X 

p 

cd 

3 

0 

C 

> 

0 r-i 

U 

•w 

0 

TJ 

X> 

p 

PC 

rv 

CO 

0) 

IV)  t3 

0 

x: 

P <U 

u 

0 

p 

H > 

d 

cd 

p 

Pi  ^ 

CO 

p 

P 

OJ 

to 

0 

<p 

rv  w 03 

w ,0 
A O 

® 3 


jH 

pH 

p 

W ‘r-t 

«J  'q 
\o  <;-»  w)  q 
OJ  o 


cd 


p 

d 

p 

ti) 

cd 

0 

0 

d 

*H 

Ci) 

0 

p 

P 

d 

/H 

<u 

P 

•H 

p 

0 

cd 

p 

>> 

CO 

CD 

CO 

XJ 

x: 

•H 

•H 

TJ 

T3 

0 

p 

OJ 

> 

<D 

(U 

P 

> 

a 

ccJ 

3 

0 

0 

0 

dJ 

P 

CO 

to 

p 

0 

0 <u 
ro  tc 
cd 

a 

•H 

iH 

T3 

x: 

cd 

d 

rH 

p 

P o> 

cd 

X> 

cd  P 

•H 

CO 

0 

-u- 

>>  Vt 

0 

d 

P 0 

P 

p 

rH 

•P 

0 

c . 

-p 

g s 

O -H 
<0  "O 


C 

o 

0 


0^ 

'V 

p> 

0) 

0 


p> 

Ci.  »C  '' 

^ w w 

r'  ‘H  q 

w iH  o 

P,  CO  f-l 

o 


o 

o 

o 


o 

<p 

'O 

o 

o 

til 

w 

o 

r-{ 

u 

cd 


OJ 

o 


rv  U 

u}  a; 

8 ct5 
cd  <u 
<P 


<M 

t>0 

0 

w 

T3 

O 

O • 

tii  M 
od 

*' 

C/3  0 

o>  8 
H 

•H  O 


OJ 


cd 


0)  ^ 
P>  hJ 


d 

(D  rH 


Cd 

0) 

u 

0 

§ 


•H 

T3 

O 

O 

V 


x:  aJ 
O 5) 

K 0) 

^ u 


o 

6 

cd 

o 


c 

+J  o> 
f-t  ^ 
0)  >P 


x: 


»o  \ 
c 00 
cd 


CQ 

fH 

bO 


cd 
d 
0)  ^ 
^ 0 

•p 

e c: 

cd  *p 
<u 

CO  (1) 

^ § 
cd  CO 


C\) 


O Z 


cd 

OJ 

CO 


O S 

S'  -p 

p 3 
P O H 
< CQ  W 


P 

Pi 

Q> 

P 

X 

0^ 

P 

O 

Cd 

P 

C 

p 

T3 

d 

cd 


u 

OS 

(U 


d ^ d 

cd  o p 

a; 

a 


0 


o 


U)  0) 
C 

o o 

P B 


OJ 


OJ 

0)  ^3 


• 

T3 

P 

0 

d 

0 

H 

cd 

to 

X5 

ro 

d 

•H 

»H 

tio 

0 

s 

OJ 

c 

0 

d 

0 

<D 

rH 

T3 

x: 

0) 

p 

to 

CO  <U 

g ft 
s 

0>  cd 
H to 

- s 

3 s 
u 

V 


V 


^ p 


cd 

CO 


S' 

•H 

P 

Cd 

o 

o 

o 


od 

p 

OJ 

p 

c 


a 

Od 


p 


p 

D 

p 

•p 

- 

T3 

<D 

0 

p- 

03 

p 

d 

— 

0 

d 

0 

p 

rH 

a 

p 

0 

0 

Pi 

OJ 

to 

0) 

§ 

p 

* 

P 

rH 

rH 

•p 

p 

0 

Pi 

Cd 

cS 

p 

6 

P 

c 

cd 

c 

a 

M 

c/i 

CO 

cb 

a 

P 

0 

p 

cd 

0) 

x: 


o 

(D 

to 

3 


p 

q; 


Pi 

p 


ti) 


>H  o> 
B 0 ^ 
^ ^ 
O 


<U  P 
p x: 
cd 

U)  OJ 
•H  H 
P X) 
to  «H 

1)  o 
:>  d 
c *-• 

•H  o 

o 

:s 

§ ft 
cc 


IHIHB 


P 

• 

ti) 

d 

03 

0 

0 

p 

d 

x: 

T3 

p 

0 

P 

p 

Oi 

d 

0 

ti) 

d 

OJ 

0 

a 

H 

cd 

0 

S 

-4- 

rH 

Cd 

ro 

•H 

P 

p 

0) 

0 

p 

ti) 

cd 

d 

S 

M 

CO 

T3 

Pi 

03 

a 

P 

P 

0 

0 

LT\ 

>> 

*\ 

rH 

CO 

03 

Pi 

> 

s 

•P 

cd 

CO 

G 

LTV 

03 

• 

P 

H 

X 

03 

p 

0 

03 

p 

rH 

cd 

P 

p 

•H 

p 

V 

•H 

d 

> 

p 

0 

r. 

P 

r 

P 

03 

rH 

a 

P 

0 

•p 

0 

LO 

d 

p 

H 

a 

cd 

•H 

P 

OJ 

p 

cd 

S 


00  00 
o o 

C\J  OJ 

-=r  vD  o 

-ij-  OJ  cv^ 
m OJ  OJ 


ro  ro 
O O 
OJ  OJ 


P-  \o  o 

P OJ  ro 
LT\  OJ  OJ 


rO  CO 
O O 
OJ  OJ 


u 

P VO  u 


P 01  ro 
ir\  OJ  OJ 


ro 

ro 

ro 

ro 

fv->  ro 

0 

0 

0 

0 0 

OJ 

OJ 

OJ 

OJ 

OJ  OJ 

p 

0 

P 

p 

K.) 

p 

^ ^ 0 

-d- 

vO 

0 

-d" 

VO  U 

\£)  0 

-d* 

01 

00 

-d" 

OJ  ro 

<M  m 

uo 

01 

01 

0/  O' 

iTv  OJ  ru 

^^1 

|; 


00 

H 

I 

m 

c^ 

I 

ro 

a 

I 

3c 


0\ 

rH 

0 

01 

rH 

OJ 

OJ 

OJ 

1 

ro 

OJ 

1 

1 

UO 

[>- 

1 

IT\ 

LTN 

h- 

1 

uo 

r- 

1 

LA 

1 

a 

a 

c/^ 

Ci 

KO 

Q 

1 

t 

:s 

1 

:k 

3 

:s 

30 


Table  II  (Cont’d) 


-P 

<1; 

c 

!3 

o 

i-H 

O 

rH 

cd 

a 

CO 

r. 

cd 

' — 

(a 

o 

c 

•H 

•P 

jc 

■P 

O 

cd 

'O 

o 

to 

o 

<D 

A 

c 

0 

+J 

4) 

{h 

-P 

cd 

CO 

C 

p> 

bO 

4> 

CO 

C 

•P 

0 

CO 

-P 

bO 

rj 

p 

rH 

c 

3 

Cl. 

4) 

+> 

> 

4^ 

p 

• 

> 

fn 

p 

-p 

O 

-P 

'V 

•a 

Pi 

•H 

(V 

« 

CO 

o 

P 

CO 

cs 

• 

CO 

(V 

rH 

o 

O ctJ  <u 

:5  u 
Jh  c o 


4J  O C^* 

t 

d)  (U  (0 

r)  a ^ 

cd  M 

e O'- 

o p 

g ^ > 

3 

(x:  f-i  al 


cS 

rH 

2 

P> 

O 

• 

4) 

P 

M 

P 

4-> 

Cd 

a 

H 

•H 

X 

T3 

Cd 

4) 

4) 

+3 

rH 

Cd 

0 

4) 

o 

rH 

t 

X> 

c 

•H 

(V 

CO 

+3 

•H 

CO 

> 

c 

o 

3 

a 

-p 

p 

- 

p 

Jb- 

(y~i  rn  m rn 

o o o o o o o o 

aj  OJ  w OJ  ,CM  f\j  W c\J 

SS . Sfl , sa  ^ ea  ^ 

^ \0  ZJ  _^\0O  _^\0O  o 

ro  At  OJ  m -zf  CM  on  ^ 

IrvCMnj  LAOJOJ  mcMCvj  itncvjcm 


on  on 
o o 

CM  CM 

6 S3 

At  \D  U 


m on 
o o 

CM  CM 
lf\  l/N  O 

CO  CO  on 
on  rn  CM 


31 


Table  II  (Corit'd) 


w 


(P 

OJ 

> 

rH 

•rH 

X) 

CO’ 

•P 

C/i 

r> 

p 

G 

0 

0 

Gd 

U) 

Vi 

0 

Q; 

•r^ 

P 

OJ 

•p 

E 

B 

> 

P 

P- 

u 

• 

PQ 

• 

S) 

0 

P 

>< 

0 

• 

cd 

x: 

0) 

C; 

bD 

cd 

fH 

on 

P 

; 

L. 

P 

p 

P 

• 

ti 

rH 

• 

p 

hL 

c> 

• 

0 

0 

73 

cd 

0 

•H 

■ 

• 

bD 

p 

c 

P 

0 

P 

^ ■ 

73 

C 

x: 

•p 

x: 

>> 

r 

n 

(P 

f- 

0 

p 

p 

Cd 

73 

<u 

p 

(X 

0 

iH 

0 

B 

C/J 

Ph 

<U 

Vj 

0 

b 

P 

0 

0 

•P 

73 

P. 

C 

0 

p 

bD 

73 

* 

z 

vX^ 

73 

a> 

tn 

fn 

p= 

(D 

C 

0 

r 

C\J 

t- 

u\ 

c 

P 

E3 

> 

•rH 

rH 

• 

U 

h 

cd 

P 

b 

ed 

to 

pH 

rH 

•• 

0 

P 

• 

P 

S 

z 

u 

bD 

E 

CC 

p 

0 

w 

p 

K; 

P 

H 

G 

bD 

p 

C 

0 

P 

C 

Cd 

U 

0 

0 

• 

• 

0 

>> 

rH 

0 

rH 

0 

bO 

P 

n 

•P 

rH 

P< 

p 

• 

CNJ 

C 

-P 

C 

B 

P 

73 

73 

z 

z 

•rH 

C 

•P 

• 

P 

•p 

cd 

•V 

dJ 

0 

CM 

(P 

•H 

0^ 

M 

H 

Cfj 

x» 

CO 

> 

•H 

CM 

rH 

bD 

O') 

0 

rH 

rH 

(D 

0 

P 

C 

0 

•V 

c 

P- 

•V 

rH 

0 

P 

• 

•H 

0 

-P 

> 

p 

a; 

bD 

e 

• 

c5 

CO 

P 

♦ 

0 

rH 

• rH 

0 

x: 

p 

C 

0 

> 

0 

> 

CO 

P 

CO 

P 

g 

Oi 

0 

0 

0 

•H 

CO 

t 

(L' 

B 

bO 

iH 

p 

0 

r 

73 

:s 

0) 

Cd 

0 ’ 

ynj 

(D 

U 

0 

G 

rH 

cd 

0 

0 

c 

P 

X) 

P 

I 

cd 

ir\ 

rH 

0> 

4»c: 

c 

*\ 

0 

(1) 

IT\ 

0-* 

rH 

P 

w 

0 

iH 

0 

• 

• 

(p 

-P 

P 

• 

<u 

cd 

rH 

• 

P 

iH 

•H 

to 

H 

fH 

XJ 

0 

r. 

Ti 

6 

0 

•P 

C\J 

P 

75 

p 

CM 

P 

cd 

•rH 

<D 

<D 

0 

• 

0 

1 

P 

o; 

(p 

1 

•(— ( 

0- 

0 

• »\ 

P 

bD 

P 

rH 

Pr 

P 

> 

0 

G 

W 

P 

cd 

c 

P 

£ 

<D 

Sh 

C 

rH 

0 

0 

C 

p 

bD 

P 

P 

> 

d) 

•P 

(1) 

P 

0 

P 

rH 

e 

0 

P 

P 

G 

0 

•p 

rH 

u 

0 

P 

P 

cd 

0) 

p. 

U 

0 

0 

0 

cd 

id 

<D 

P 

P 

<i-H 

rH 

> 

0H 

w 

P 

73 

0 

Cm 

Cm 

0 

• 

P 

0 

OJ 

C 

0 

(p 

•H 

0 

P 

bO 

P 

bD 

r\ 

•P 

P 

OJ 

c 

iH 

Cd 

C 

0 

C 

73 

73 

3: 

Cd 

p 

0 

P 

q; 

P 

P 

0) 

•P 

0 

<V 

0 

CO 

•p 

cd 

p 

<p 

Cd 

bD 

P 

0> 

rH 

rH 

x: 

1 

•H 

bD 

p 

0) 

cd 

0 

bD 

(p 

cd 

ai 

cj 

OJ 

♦P 

P 

73 

C 

0 

Ph 

0) 

P 

U 

Ph 

B 

C'j 

0 

t-, 

t 

cd 

♦P 

cd 

c 

P 

0> 

<D 

p 

?H 

a 

0) 

ci 

0 

p 

P 

> 

0H 

1— « 

6-^ 

CO 

CC 

bD 

a 

rH 

0= 

TJ 

m 

m 

m m 

p 

0 

0 

0 

0 

CM 

CM 

on 

m 

CM 

CM 

P 

rH 

0 

0 

rH 

P 

0 

< 

CM 

CM 

< 

0 

1 — i 

p 

iH 

P 

P 

cd 

0 

IP 

LP 

0 

< 

0 

0 

IP 

IP 

•rH 

• 

• 

• 

♦ 

Jh 

00 

CO 

CO 

v'o 

t- 

C^ 

ro 

00 

CO 

0) 

CM 

c>n 

on 

CM 

CM 

-p- 

CM 

CM 

P 

cd 


on  m 

cr.  c<-s 

0 C 

0 0 

00 

CO 

CM  CM 

CM  CVI 

0 

0 

5!  6 

P P 

CM 

CM 

<c  0 

P 

iH 

P 

p 

P 

0 

< 

0 

0 

\0  -=3- 

0 

vO  ^ 

0 

0 

0 

m 

CM  >p- 

rr> 

ro  ^ 

CO 

CO 

CM 

CM  IP 

rj 

CO  LP 

0^ 


o,j 

I 

ITN 

n 

I 


0 

P 

CM 

ro 

p- 

on 

m 

ro 

ro 

ro 

1 

LP 

1 

IP 

1 

IP 

IP 

LP 

l>- 

!>- 

tr- 

1 

CO 

CO 

ee 

CJ 

r'- 

n 

Q 

0 

Q 

n 

1 

13 

O'; 

n 

I 

;5: 


32 


75-35  23  Cr  UTRC  crucible,  without  lower  heater,  crucible  failed 

22.6  AI2O3  shut  down. 

54,4  CroO-. 


■Lj 


E- 


CO  m 


o 

o 

CJ 

m 

on  on 

on 

on 

on 

on 

•p 

CM 

C\J 

o 

O 

onO 

O 

CO  O 

o 

ono 

O 

u 

CM 

CO 

on 

o 

CM 

OI 

O 

CM 

CM 

o 

CM 

CM 

on 

on 

V ' 

< 

a 

^.■: 

>-• 

o 

O 

CM 

CvJ  H 

CM 

CM 

iH 

CM 

OJ 

rH 

U 

o 

O 

CM 

CM 

o 

>H 

< 

O 

O 

>-^ 

< 

O 

O 

< 

o 

CM 

CM 

s:- 

CO 

CC) 

ro 

CM 

Jh 

U 

V. 

pH 

rj 

c^ 

H 

on 

o 

o 

a 

tM 

VO 

D- 

O 

tsl 

VO 

O 

KI 

VO 

o 

< 

O 

■rH 

u 

m 

o 

c 

O 

LT\ 

o 

o 

o 

pf 

CO 

J" 

H 

H 

J- 

CO 

-rt 

r-l 

pH 

-d- 

CO 

J- 

iH 

pH 

o 

o 

o 

<u 

C\J 

CM 

m 

CM 

-d- 

Cvj 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

-d- 

-d- 

pH 

CM 

on 

:? 

1 

un 

v.. 

-d 

-d- 

-d- 

-d- 

-d- 

LTv 

lA 

A 

un 

A 

A 

C- 

C^ 

t^ 

r\ 

1 

1 

O'. 

VI 

r 

1 

n 

O 

a 

O 

Q 

d 

1 

1 

1 

:s 

:< 

3^* 


j 


AI^Ot  both  oxi  le  or  metnl  rich,  metal  precipita+v'  betweer 

'.-.''hi  rkerr  and  apparent  fine  rcale  porority. 


II  (Cont''i) 


l~> 

f — 1 

P 

• 

«< 

p: 

p 

cd 

w 

•ri 

P 

■fi 

'p 

4-> 

Pi 

d 

d 

G 

<J 

•r-i 

O 

(V 

d 

4-  ' 

*> 

.1 1 

C 

o 

> 

p 

E 

- 

j.. 

tl 

'J: 

o 

u 

(U 

'P 

P 

G 

o-j 

X- 

4 ) 

o 

T-'i 

0\ 

(/) 

a 

P 

*1 

G 

G 

Ui 

'J) 

• f • 

r ^ 

P 

P 

E 

4-J 

P« 

Gi 

on 

r: 

I 

> i 

"3 

P 

a 

G 

o 

P 

G 

G 

•% 

i-J 

O 

P 

cd 

'p 

•P 

'G 

OJ 

#> 

pt 

ry. 

r. 

rj 

■P 

fH 

? 

u. 

q 

*p 

• 

G 

r 

4 ' 

r ,j 

4 ' 

OJ 

03 

o 

O 

d 

p 

o 

•P 

o 

'J. 

•f-< 

'O 

1-1 

oj 

p 

o 

(/] 

4 J 

» j 

G'j 

T3 

fj 

XV 

P 

+J 

i-1 

r-j 

G 

•V 

r-1 

O 

♦r-> 

t: 

G 

•n 

OJ 

'O 

— 1 

+■> 

0) 

>» 

d 

G 

(0 

•p 

ci 

4 -' 

'P 

■n 

4-< 

o 

p 

r~i 

4-> 

O 

P 

p 

ii’ 

o3 

p 

Ui 

P 

P 

P 

r 

Lf\ 

G 

G 

r> 

ctJ 

•r-< 

• 

.n 

p 

+i 

,G 

4> 

G 

q 

CO 

• 

E 

4 / 

o3 

P 

U) 

•p 

o 

tjO 

•P 

Pi 

o 

r: 

< ; 

,P 

P. 

f-) 

cd 

• 

'p 

P 

•p 

in 

o 

r 

f— 1 

c 

^aD 

O 

t/i 

r— 1 

1 

p 

1 — 1 

o 

4^ 

•<■4 

P 

p 

rr: 

p 

Ui 

p 

G 

Cl 

Cg 

'n 

»— < 

•1  4 

t: 

+ ’ 

f— * 

•t— 1 

o 

m 

o 

G 

P 

o 

d 

if: 

• 

Ci 

r-1 

(fi 

1 — 1 

P. 

<0 

t4 

4 ■'• 

o 

f , 

♦ ■ 

O 

0) 

o 

• 

G 

o 

<Pi 

p4 

On 

o 

•1 

•.  j 

V, 

• 

e 

o 

p 

o 

z 

o 

i~i 

<D 

rp 

pu 

CO 

f-1 

t3 

‘S. 

« 

o 

o 

Cxi 

P 

d 

f— 1 

o 

•» 

r— I 

•1 

t; 

£• 

-- — ' 

p 

p. 

o 

G 

o 

d 

'P 

1 — 1 

1 

•« 

G 

E 

o; 

T1 

G 

;3 

tn 

a 

h 

G 

d 

o 

o 

• 

/x: 

♦J 

0) 

Pi 

o 

o 

E 

P 

to 

T3 

4-> 

cc 

liO 

P 

— 

G 

P 

c 

OvJ 

o 

P 

G 

o 

G 

■V 

CC 

p 

P 

'■•'I 

r--. 

Sh 

P 

T3 

•ri 

p 

Xi 

<v 

> 

G 

r 1 

,‘jj 

s 

^ : 

^ . 

G 

— -• 

cu 

% i 

p 

P 

C; 

•'  1 

V. 

4^ 

o 

d 

•t4 

• . 

** 

G 

10 

•* 

V 

n 

G 

P 

.r; 

4^ 

r-1 

^ 4 

G 

< — 1 

rP 

G 

r-H 

o 

4.' 

r-'. 

, 

t — t 

<U 

P 

P 

r— 1 

d 

,-  •. 

r 1 

p 

, - 

,— 

Pi 

•p 

G 

p 

£ 

o 

G 

cn 

,G 

1-3 

'P 

0 

•_; 

,r.' 

.^xl 

■P 

P 

O 

o 

-p 

P 

X-H 

•rl 

-X; 

G 

•P 

;■* 

J-1 

o 

G 

CJ 

O 

Jj 

p 

» '■ 

O 

d 

G 

P 

G 

z 

' 

;.:3 

G 

p 

Pi 

CJ 

Gi 

p 

tfi 

P 

G 

p 

•» 

r - 

p 

4^ 

P< 

P 

Pi 

G 

p 

P 

O 

to 

5-, 

1-3 

d 

V 

c. 

Ti 

o 

+ i 

cj 

c 

P 

p. 

o 

P 

p 

G 

, . 

P 

c 

a» 

rj 

,r! 

fp 

Pi 

0 

o 

•f. 

• i-H 

I*: 

Gh 

rP 

*H 

E 

> 

d; 

C- < 

'4/ 

cf 

1 

c: 

o 

f > 

( — t 

P 

1 

< 

•p 

1 

rilssi!;)'  It:  '‘uicc’ I i'ut  olivicus  v-I.i:-  :':Airly  exterisive 


d; 


c? 


^ 'Sc 


#» 

cd 

c 

•r1 

- J 

t/i 

cd 

•H 

u 

(O 

ct5 

bO 

0) 

tH 

>1 

r — 1 

cri 

,Q 

t — ( 

+ ^ 

•rH 

O 

'O 

+ > 

O 

3 

to 

t: 

o 

p 

•’  1 

U)  • 

o 

**  r*,  o ^ 

Jh  J.,  o 

. iJ  c 

' --  > -r  t O 

t:  ' i O • 

o a;  i.d  c P<  = 


f!  ♦- ' -H  CO 


in  f-H 

rj 

<D 

6 

t— j 

.tj 

r/j 

* •* 

cd 

LT\ 

t~ 

■p 

cd  t; 

C\j 

(U 

f— i 

u 

• 

• 

e 

OJ 

.C 

ti 

P 

vl  i < »■  ! 

0> 

in 

OJ 

O 

r\j 

P 

rH 

tH 

4-J 

U) 

Q 

,Q 

•rH 

C 

•* 

J.. 

o 

P 

•H 

a: 

QJ 

O" 

.•  ■* 

* ' 

1-' 

•» 

rO 

d; 

r** 

•f-i 

.’'i 

cd 

r— i 

C; 

P. 

•rH 

C 

'I' 

; * 

1/} 

P 

r 4 

Jh 

d 

o 

CJ 

AJ 

Vi 

O 

in 

u 

+-> 

o 

' ■: 

r-4 

w 

«• 

Pi 

1 

1 

o 

a 

4 > 

0 

^■- 

D 

+ ■* 

o 

p 

■!:  .■) 

•r-i 

O 

cd 

1 

fn 

1 

' o 

0; 

B 

O 

o 

1—1 

C 

rr: 

u 

(X 

3 

o 

o 

* ’ 

u 

*-* 

ffi 

*-4, 

1:) 

d 

pr>  0^)  M 


cd  ■"•  O O 

•H  ..  :''-.j  C'J  Cvj 


.-i 

P 

p 

r— 1 P 

p 

•u 

, A 

o 

a 

'd  o 

o 

p 

cd, 

'■'J 

^’J 

VO 

-or  _-r 

' o 

' •* 

-t 

-f 

r-i 

-:J  -r 

1 — I 

fx: 


« "l  I 

u■^ 

‘‘7  'r 

:r-.  ' . ' J 

. ) . '\ 

I I 


0} 

• 

cd 

x:  p 

o 

U)  -H 

VC 

;d  03 

1 

O o 

on 

i/\ 

P P 

O 

t— 

x::  O 

OJ 

^ • 

1 

4>  Pi 

n 

(U  in 

1 

X 

^- 

a o 

P 

o ,c 

♦rH 

tM 

in 

:* 

O 

r~H 

x: 

P 

cd  rH 

-fj 

<4-i 

•rH  I — 1 

<D 

P *rH 

0) 

c 

<V  P 

in 

0> 

o 

in 

rH 

tjD 

cd 

o 

C 

Q 

p 

<D 

•rH 

bO 

rH 

d a 

Pi 

t3 

e o 

(D 

<U 

O r • 

•rH 

3 

in 

in 

P 

in 

P 

z 

4> 

— j 

#• 

P 

0> 

<D 

0) 

.a  rH 

<D 

1 — i 

( — 1 

1 — i 

rO 

/J 

E r-i 

rO 

•rH 

•rH 

o 

•rH 

O 

o 

p 

O 

C 

p 

r-i  O 

P 

p 

bO 

p 

o 

o 

• a 

o 

CO  -H 

p: 

* 

*-2 

I 

1 

fP  •» 

1 

Q 

Cl 

<D 

Pi 

> 

r'  c — 1 

> 

c;> 

o 

0)  ,p 

u 

1 

1 

bD  ‘H 

1 

o 

o 

P O 

o 

a; 

PC 

cd  P 

cr. 

e 

j::  P 
o o 

e 

ro  ro  fo  ro  ro 

o ■'»  o o o 

C'l  CvJ  OJ  C^i 

r-^  C C r-J  P Sh  r-j 

cj  cj)  o <i  o o <if 

on  on  _rj-  on  on  c\J 

-T  iH  -:r  -t  .H 


C ' rH  C\J 

V *1  ‘i 

uA 

r-  r-  r - 

I I I 

'.j  d)  ’i 

. 1 ; n . 

I I I 


T3 


« 

0^ 

p 

03 

p 

p 

o 

bO 

p 

d 

cd 

03 

03 

p 

r H 

P. 

4J 

® 

cd 

03 

Pt 

o 

03 

Pi 

p 

Cd 

p 

1 — 1 

in 

P 

3 

+ ^ 

* 

03 

cd 

Vh 

•r  i 

p 

e 

P 

o 

o 

4-> 

bD 

in 

03 

C 

•* 

'U 

r-H 

•rH 

o 

M 

P 

bD 

•rH 

a 

•rH 

• 

P 

4-^ 

C3 

P OJ 

O 

CJ 

Td 

P 

O P 

f— i 

03 

03 

P 

r-H  -rH 

H-* 

03 

U 

X 

z 

P 

in 

= Pi 

--J 

03 

' <z 

cxj  p, 

p 

cd 

on 

Td 

p 

p 

Lf\  to 

o 

•rH 

•M 

H-’ 

0 

P 

o 

O 

bD 

• 

'Pt 

p p 

bf) 

H ’ 

P. 

d 

P 

Cm 

o 

d 

03 

\ 0) 

•iH 

O 

bO 

in 

P 

e w 

P 

o P 

•» 

in 

•rH 

« 

• 

Cm 

03 

cd 

03 

»•  bD 

f—H 

r i 

03 

■m 

r-i 

bD  p 

P 

P 

O 

P 

P *r-i 

'P  o 

•rH 

d 

•H 

O -1’ 

p 

o 

P 

O 

r-i  CJ 

cd  TD 

p 

0> 

P 

P 

d 

(L> 

p 

> 

P 

P 

Z 03 

un  Qj 

o 

•H 

P 

o 

CO  P 

• in 

in 

03 

o 

p 

O 

r-i  in 

o 

1 

03 

1 

d 

p 

O 

P 

P 

n 

P > 

rH 

> 

X 

•H 

O 

Cd  x: 

o 

03 

rp 

I H 

P bO 

1 

0; 

1 

4J>  03 

to  p 

o 

03 

T7( 

O 

o p 

>>  o 

cc 

£• 

•H 

cr; 

bD  c: 

p c 

0 

X 

p P 

O 03 

to 

CO 

0 

b 

•H  Cm 

> on 

O') 

on 

on  on 

o 

CO 

C) 

sP 

CvJ 

rci 

ni 

OJ  ■>  J 

P 

p 

rH 

P 

r—i  P P 

o 

u 

<a! 

O 

O 

< o u 

C\J 

VO 

CM 

nj 

' C: 

!M  CM  VO 

-4- 

1— i 

-J- 

-d- 

rH 

-4-  rH 

on  --r 

VD  'O 

I I 

un  on 

r--  r- 

I 


I 


I 

: 3 
. 


.terial  (V.'t  ) Remarks 


T? 

T5 

iH 

0) 

O 

iP 

tjo 

• 

O 

Vi 

•rH 

z 

P 

J.'* 

0) 

f/i 

U) 

O 

cO 

o 

• P 

P 

t -i 

; : 

■ri 

CO 

4-» 

f-H 

p 

• — 1 

o 

• 

(U 

' ’.J 

c 

p 

p 

x> 

y 

.Cj 

0> 

ctj 

Vi 

r~) 

•r^ 

cn 

r— i 

o 

on 

c:3 

• 

•r1 

Cj 

'-i 

CO 

J.4 

(0 

»— 1 

c 

•J' 

y 

'r.1 

• 1 

V 

cn 

<:> 

•* 

03 

cd  Vi 

- 1 

r-1 

cij 

t; 

U] 

o 

1 

Qj 

o 

03 

P 

X 

’ 

P 

P 

O 

» .■ 

O 

•rH 

O') 

,o 

to 

d 

OJ 

to 

r. 

•r1 

O 

•r  ' 

♦ -' 

C3 

•rH 

<D 

O 

to 

p. 

( 1 cd 

o 

o 

o 

r'i 

O 

Vi 

u 

P 

03 

ci5 

' p 

u. 

• 

p 

OJ 

<L> 

r 1 

r3 

o 

p 

x* 

•rH 

rH 

rH  Qj 

p 

Vh 

(L 

K 

< 

V-i 

i i 

p 

P 

rH 

Pi 

’’J 

fJ 

•rH 

r. 

o 

r5 

o 

o 

P 

O 

e: 

;; 

<L 

,o 

o 

U] 

OJ 

p 

<u 

u 

G P 

•ri 

r • 

‘X 

u 

•H 

.-•xi 

n 

G 

T3 

O H-> 

X 

to 

r-H 

o 

cn 

+j 

•r^ 

a 

+ 5 

• 

3 

q 

(0 

p 

d 

o 

P 

P 

“ 

I'i 

' H 

X 

•H 

(/) 

o 

d 

p 

H->  C 

G 

•ri 

P 

'i 

o 

QJ 

O 

o 

-♦>> 

,o 

O -H 

a: 

Vi 

rH 

fj 

.Q 

trj 

rH 

p 

•rH 

+> 

03 

•rH 

rO 

P 

4’ 

,c 

C J 

r~) 

OJ 

o 

01 

fH 

<v 

o 

•rV 

hJ 

in 

X" 

\ 

O 

J 

Pi 

•rH 

o 

0) 

p 

p to 

X 

C 

Q,' 

-P 

o 

^-O 

G 

p 

G 

cO 

p 

cd  -H 

c 

P 

•rH 

^ i 

•fH 

f~H 

rH 

tn 

o 

<v 

o 

x: 

S 

C 

r:> 

O 

3 

<u 

«♦ 

Pi 

» 

r~i 

p 

1 — ^ 

0) 

t— 1 

V-5 

«« 

1 — < 

r-H 

o 

o 

•* 

O 0 

P 

> 

cd 

.c 

o 

'U 

'O 

rH 

o 

fvi 

x: 

o 

0} 

0 

to  o 

a 

H-J 

p 

+ ) 

•rH 

p 

<1> 

0; 

x: 

C\J 

p 

o • 

1 — 1 

o 

C H’ 

•rH 

•H 

p 

o; 

u 

p 

+> 

f-H 

oo 

•rH 

ro  OJ 

Xj 

PJ 

•rH 

V i 

r-1 

cd 

4-> 

«k 

4-^ 

c 

cO 

H 

> 

OD  o 

♦rH 

ON 

p 

t-H 

Cd 

•rH 

7) 

•r~i 

OJ 

to 

*rH 

rH  d 

o 

p 

r f3 

•rH 

P 

c 

d 

r- 

o 

•p 

p 

<0 

p 

p 

-H  dJ 

o3 

c.d 

(D 

• 

r~i 

U 

o 

v< 

rp 

P 

o 

T3  P 

p 

"d 

-^5 

P 

0.' 

^ 1 

rj 

n 

o 

i/i 

“ 

3 

(1> 

0)  P 

a 

1 

03 

Cd 

a 

r-< 

pj 

♦rH 

m 

Lr\ 

p 

<p 

x:  tv 

,p 

Cj 

G 

cd 

r~1 

cO 

1 — 1 

'P 

cO 

p 

O 

r 

o 

••  • 

o; 

o 

v: 

•rH 

;1 

r i 

o 

1 — < 

P 

<v 

aS  O 

a 

a 

a oi 

s 

p 

V) 

P> 

0) 

O 

o 

(U 

04 

0)  +5 

0 

0) 

C D 

rf 

0 

p 

<U 

C 

« 

O 

to 

• 

P4 

G 

p 

o 

p 

4J  ^ 

p 

t ■( 

li"N 

p 

hO 

•rH 

OJ 

C 

G 

•rH 

t3 

0\ 

■M  oJ 

ClH 

o 

!-■< 

0} 

r—i 

*-■> 

(V 

* 4; 

t- 

r* 

o 

f— 

0 

E: 

Vh 

o 

«s 

o • 

v^ 

p 

4> 

P 

V-  to 

r-H 

P 

,o  xl 

OJ 

07 

P 

o; 

x: 

>> 

r:  o 

x: 

o 

r. 

x:  'P 

E-: 

q; 

'-M 

•H 

•fH 

«#v 

<D 

‘rH 

03 

e w 

•rH 

X 

o3 

rH 

0 

•H 

.X  4-^ 

n 

p 

0) 

G 

G P 

<4) 

• 

G 

O P< 

i-  ' 

p 

0) 

d 

OJ 

a 

cn 

P o 

a 

•p 

Pi 

3 

o 

x: 

p 

o 

cd 

■i  j 

P 

•P 

x: 

•H 

o 

p 0) 

'd 

cO 

to 

o 

o 

o 

03 

cn 

u 

v< 

0 P 

\o 

c 

o 

•rH 

ITN  03 

c5 

to 

C\J 

f—1 

»«H 

rp 

cd 

•H 

0 

o 

x: 

o 

Jh  :3 

« 

o 

(fl 

rH 

♦ Jh 

OJ 

c 

• 

V o 

v'-* 

a; 

P 

a: 

o a; 

^-! 

o 

(U 

d 

rH  3 

•rH 

-t 

^ o 

P 

n 

rr: 

P 

on 

CO 

ro 

ro 

ro 

ro 

ro 

O 

O 

O 

O 

o 

O 

: 

.,'1 

OJ 

CM 

O] 

'^■J 

CM 

OH 

ro 

oo 

',; 

■''■■  J 

OJ 

Ip 

p 

r—i 

P 

rH 

p 

o 

o 

a; 

P 

OJ 

o 

O 

<d 

O 

CM 

CM 

IP 

p 

O 

u, 

tp 

P 

P 

Vi 

P 

p 

P 

Vi 

o 

o 

O 

CJ 

'0 

p 

o 

'-O 

P 

' D 

. ■*■ 

o 

< 

U 

t— 

L.O 

LT\ 

o 

• 

• 

• 

• 

• 

• 

m 

ro 

--J- 

ro 

ro 

~T 

ro 

ro 

p 

ro 

ro 

CM 

' 

• 

CJ 

CM 

o 

• 

■J 

C\J 

irs 

04 

OJ 

ir\ 

C-J 

OI 

iO\ 

OJ 

CM 

ir\ 

1 — 1 

CO 

CM 

l/\ 

:\l 

LT\ 

I 


f 

j) 

; j 

I 


0\ 

r-< 

I 

r ' 

I 

n 

I 


04 

I 


I 


.--I 

CJ 

I 

Vl' 

f-  . 

^ I 
I 


cv 

I 


* ) 

■ ') 


dj 

1 

t: 

o 

1 

r~i 

Cd 

rH 

U 

O 

p 

4^ 

•r< 

Cd 

f'J 

P 

rH 

P 

o 

CJ 

z 

p 

O 

cn 

o 

E 

n 

:3 

''H 

4-> 

in 

p 

Cd 

CJ 

f H 

'd 

p 

P 

T5 

o 

c 

rH 

•rH 

cd 

p 

T3 

cd 

•H 

cd 

<v 

0 

4-^ 

O 

H> 

•rH 

T3 

+ 

rH 

Oj 

rH 

O 

cn 

f-H 

:j 

(D 

P 

o 

E 

P 

' n 

1 

dj 

r \ 

tio 

t4 

•rH 

E 

P 

V 

P 

p 

O 

a 

C-, 

•fH 

P 

w 

♦M 

r-H 

P 

3 

o 

p 

• 

( — ( 

cd 

03 

a 

in 

S-. 

u 

p 

p 

o 

cn 

.o 

P 

rj 

Cj 

in 

.i‘ 

p 

cn 

•rH 

CJ 

« 

o 

p 

4 > 

p 

p 

o 

x: 

c: 

, .- 

o 

o 

in 

p 

*5 

ai 

CJ 

o 

x: 

• 

rH 

W 

•rH 

xj 

x: 

rH 

CO 

^ ■ 

P. 

P 

<v 

t/i 

tiC 

p 

•r  H 

* 

p 

P 

TJ 

P 

E 

P 

r 

rH 

M 

dj 

p 

P 

p 

tLJ 

E 

o 

o 

rH 

-o 

in 

E 

♦J 

P 

0 

oj 

Cd 

o 

o 

p 

E 

cd 

Cd 

cn 

V i 

Jh 

P 

rn 

p 

in 

rH 

o 

p 

p 

dj 

o 

p 

dJ 

rH 

P 

p 

cd 

tn 

T? 

e 

A 

c 

p’ 

•M 

P 

Pr 

** 

cd 

xJ 

dj 

Jh 

o 

>> 

CJ 

P 

CrT 

E 

dj 

<i> 

e 

•• 

7? 

cn 

Cd 

dj 

f— ♦ 

4 * 

3 

in 

• r> 

•*H 

P 

rH 

p • 

i; 

p 

o 

CJ 

P 

E 

4-> 

in 

O 

g 

p 

p p 

•f— ♦ 

Jlj 

o 

O 

OJ 

p 

o 

3 

l> 

cd  cd 

CJ 

4> 

u 

•<H 

p 

Ph 

p 

cd 

iH 

;:3 

c> 

< — 1 

o 

ir\ 

C 

« — i 

o 

O 

r-H 

x: 

P P 

-^1 

(D 

p, 

« 

•rH 

p. 

o 

P t4*j 

o 

r\j 

r-! 

rH 

K • 

P 

P 

jd  p 

i 

p 

P 

dj 

p 

T5 

cd 

4'  P 

•* 

o 

#• 

in 

rH 

E 

o 

P 

E 

o 

0 

u 

• 

o 

cd 

o 

O 

P 

p 

o 

r: 

c 

on 

to 

in 

in 

p 

cd 

fH 

0 

E 

h 4 

u^ 

.■x: 

P 

cd 

•r-H  C 

^* 

o 

(V 

rH 

•* 

o 

cd 

4-> 

r i 

Cm 

CM 

> 

Cd 

d> 

p 

Ph 

P 

1 +' 

o 

o 

• 

o 

P 

-p 

P 

E 

d 

tJ 

4) 

T? 

Td 

o 

0^ 

p 

• 

cn 

cn  ,o 

o 

4-^ 

d> 

0) 

cd 

E 

p 

r'j 

cn 

r* 

• 

rH 

x: 

o 

dj 

p 

to 

P 

p p 

O 

p 

0> 

o 

T? 

o 

to 

T3 

in 

Pi 

a 

•rH 

o cn 

Cd 

r-1 

£• 

•rH 

•H 

cd 

p 

O 

cd 

E 

o 

rH 

0 a 

0) 

O 

D 

X, 

0) 

<-H 

c 

4^ 

.r^ 

P 

•iH 

•fH 

P rP 

CJ'i 

E 

m: 

p. 

,o 

q: 

in 

cn 

10 

Pi 

'■n 

P 

,o 

P-i  Pi 

if 

on 

po 

oo 

0^ 

<>n 

on 

o 

O 

o 

o 

o 

o 

o 

rH 

0.J 

0,' 

CJ 

•"•J 

CM 

M 

Csl 

cd 

d;' 

u 

dj 

Vr 

d5 

H 

p 

P 

CJ 

•!) 

CO 

o 

'i^ 

a> 

c:> 

O 

<v 

o 

< 

o 

(P 

P 

P- 

Ct- 

o 

CNJ 

CO 

CM 

rvj 

a) 

OJ 

<\J 

OO 

CM 

O 

o 

-P 

• 

• CO 

• 

• 

• 

CO 

• 

• 

• 

CO 

• 

• 

• 

• 

m 

cd 

CO 

1 — 1 • 

CO 

rH 

• 

tH 

QC 

1 — 1 

• 

rH 

C'J 

'-O 

• 

rH  CO 

f-H 

VO 

rH 

CO 

rH 

\G 

rH 

CO 

rH 

OJ 

l/V 

p 

CO 

TENSILE  STRENGTH  OF  NijAI-NijCb  EUTECTIC 
AS  A FUNCTION  OF  TEMPERATURE  AND  (INTERLAMELLAR  SPACING) 

(REF.  1) 


INTERLAMELLAR  SPACING.a-  MICRONS 


TEMPERATURE  i°C) 


MELTING  DATA  FOR  Cr-(0.7  Cr203,  0.3  AI2O3)  USING  TUNGSTEN  BASKET  IN  ARGON  WITH 

CARBON  HEATER 


WEIGHT  PERCENT  CHROMIUM 


FIG.  8 


MICROSTRUCTURE  FORMED  BY  MELTING  MULLITE-ZIRCON 
EUTECTIC  COMPOSITION 


LONGITUDINAL  MlCF^TSTRUCiURE  OF  TERNARY  EUTECTIC 
?4  w/o  Cr,  28  w o ZrO^,  4 (j  w,o  Y2O3,  217  w o Cr203,  21.7  w/o 
AI2O3  DIRECTIONALLY  SOLIDIFIED  AT  0.5  CM./HR 


I 


w 


F I G.  1 3 


TRANSVERSE  MICROSTRUCTURE  OF  24  w/o  Cr,  23.5  AI2O3,  23.5  Cr203,  25  Zr02 
AND  4Y2O3  EUTECTIC  GROWN  PARALLEL  TO  THE  |0224|  OF  A SAPPHIRE  SEED 


HOMMHateriHw 


PERCENT  INCREASE  IN  WEIGHT 


HG.  14 


WEIGHT  GAIN  OF  DIRECTIONALLY  SOLIDIFIED  TERNARY  EUTECTIC 


WEIGHT  GAIN  (MG/CM^) 
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